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Abstract
Generative learning theory posits that learners engage more deeply and produce better
learning outcomes when they engage in selecting, organizing, and integrating processes
during learning. The present experiments examine whether the generative learning
activity of generating explanations can be extended to online multimedia lessons and
whether prompts to engage in this generative learning activity work better than more
passive instruction. Across three experiments, college students learned about greenhouse
gasses from a 4-part online lesson involving captioned animations and subsequently took
a posttest. After each part, learners were asked to generate an explanation (write-an-
explanation), write an explanation using provided terms (write-a-focused-explanation),
rewrite a provided explanation (rewrite-an-explanation), read a provided explanation
(read-an-explanation), or simply move on to the next part (no-activity). Overall, students
in the write-an-explanation group (Experiments 2 and 3), write-a-focused-explanation
group (Experiment 2), and rewrite-an-explanation group (Experiment 3) performed
significantly better on a delayed posttest than the no-activity group, but the groups did
not differ significantly on an immediate posttest (Experiment 1). These results are
consistent with generative learning theory and help identify generative learning strategies
that improve online multimedia learning, thereby priming active learning with passive
media.
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Objective and Rationale

How can we improve the instructional effectiveness of online multimedia lessons, such as an
annotated animation on greenhouse gases, like the lesson show in Fig. 1? This question is
particularly relevant in light of the increasing role of remote learning for education around the
world due to the coronavirus pandemic. The goal of this intervention study is to examine and
understand the effectiveness of prompts to engage in generative learning embedded in online
multimedia lessons. Traditionally, instructional design principles have focused on how best to
present instructional material (Mayer, 2014). However, even the best-designed lessons will not
be maximally effective if students do not process them appropriately. Therefore, researchers
and practitioners have increasingly examined the instructional effectiveness of prompts to
engage in generative learning activities during learning (Fiorella & Mayer, 2015, 2016).

Generative learning activities are behaviors that an individual engages in during learning
with the goal of fostering deeper learning that leads to improved understanding (Fiorella &
Mayer, 2015, 2016). Based on generative learning theory (Fiorella & Mayer, 2015, 2016;
Mayer, 2020; Wittrock, 1974, 1989), deep learning occurs when learners engage in appropriate
cognitive processing during learning, such as attending to relevant incoming information,
mentally organizing it into a coherent structure, and integrating it with relevant prior knowl-
edge activated from long-term memory. Generative learning activities, such as generating
explanations during a lesson, are intended to prime each of these processes.

There are some generative learning strategies that focus on verbal activities include
summarizing, explaining, paraphrasing, question answering, and elaborating in one’s own

Fig. 1 Images of the four animated slides
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words, whereas some generative learning strategies that focus on visual or spatial activities
include mapping, outlining, drawing, imagining, or tracing. In the present set of three
experiments, we focus on verbal learning strategies in written form because they are easiest
to implement in a computer-based learning situation. In particular, across all three experiments,
we ask students to write an explanation after each segment of a four-part animated lesson,
which we call the write-an-explanation activity, using prompts shown in the first column of
Table 1 to promote the verbal strategy of explanation. We focus on prompting students to
generate explanations during an online multimedia lesson because this generative activity
prompt appears to be powerful enough to cause learners to engage in several verbal activities
and because of its potential to help engage students in an online lesson that might otherwise
not foster sufficient student engagement. This approach is based on distinguishing between the
external activity prompt (e.g., “please write an explanation”) and the internal cognitive process
that it may prime (e.g., explaining, summarizing, paraphrasing, etc.). We focus on explaining
during a pause after an animation rather than during an animation because an animation is
transitory and subject to creating split attention when presented in conjunction with another
task (Leahy & Sweller, 2011).

The first row in Table 1 indicates the conditions included in each experiment. In the first
two studies, we also examine a version of explanation that we call write-a-focused-explana-
tion, in which the prompt specifies the names of terms that should be included in the written
explanation as a form of scaffolding, using prompts shown in the second column of Table 1. In
the third study, we ask some students to rewrite a provided written explanation in their own
words, which we call rewrite-an-explanation, using prompts shown in the third column of
Table 1. In all three studies, we compare learning outcomes of the study activity groups with
two control groups that are shown an instructor-provided explanation (which we call the read-
an-explanation group), as shown in the fourth column of Table 1, or are not given a study
activity prompt (which we call the no-activity group), as shown in the final column of Table 1.

Literature on Learning by Explaining

Learning by explaining occurs when students generate a written or oral explanation of
instructional material they are reading or viewing (Fiorella & Mayer, 2015, 2016). In a review,
Fiorella and Mayer (2015) reported that in 44 of 54 experimental tests, students who were
prompted to explain what they were reading or viewing performed better on a posttest than
students who were not, yielding a median effect size of d = 0.61. This research includes studies
involving reading static text lessons and studies involving viewing dynamic multimedia
presentations. Research on learning by explaining dates back to Chi et al.’s (1989) early work
on what they called self-explanation in which students spontaneously engaged in generating
oral explanations for themselves as they read a text. This line of research morphed somewhat
into research on prompts to write explanations during paper-based lessons and, more recently,
during computer-based, online lessons. It should be noted that explaining to oneself (e.g., in
the content of making sense of a lesson) may require different cognitive activities than
explaining to others (e.g., in the context of being prompted to write an explanation). This
paper focuses on a form of learning by explaining in which learners are prompted to write an
explanation.

Inspired by the results of the 1989 study, Chi et al. (1994) tried to understand this
phenomenon in an experimental study. They had students read through a text on the
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circulatory system. While reading through the text, students were either prompted to create an
explanation after reading each sentence or were told to simply read through the text twice. The
students who were asked to create explanations while reading had bigger gains in understand-
ing, especially when asked difficult questions, compared to those that had not explained. This
research demonstrated the benefits of prompting students to engage in what they called self-
explanation while learning (and we call learning by explaining).

From these early studies on learning by explaining, many more studies have tried to
understand the when, how, and why asking students to generate explanations during learning
is an effective learning tool (i.e., Atkinson et al., 2003; Johnson &Mayer, 2010; Margulieux &
Catrambone, 2018; McEldoon et al., 2013). Much of the research investigating learning by
explaining has found it beneficial to student learning across different instructional materials,
different topics, and different students. Additionally, a meta-analysis found that asking
students to generate explanations during learning resulted in better test performance as
compared to direct instruction, regardless of timing, content, and format of the explanations
(Bisra et al., 2018).

Learning Using Multimedia Material

Multimedia learning materials, particularly those presented on computers, are different from
more traditional paper-based learning materials. The multimedia learning hypothesis suggests
that people learn more deeply when information is given in the form of words and pictures
rather than just from words alone (Mayer, 2014). This would suggest that learning from
explaining in a dynamic multimedia context could present learners with more opportunities to
engage in deep learning. However, this type of medium also introduces new challenges based
on the transient nature of the presented material. Thus, it is vital to understand how different
types of learning strategies can be incorporated into dynamic multimedia lessons using new
technology in order to understand if the benefits of learning by explaining persist.

Recently, there has been an increase in research aimed at investigating the use of learning
from explanations with animated lessons. Unlike previous research mentioned above, there is
more discrepancy in this data. Consistent with much of the prior literature on learning by
explaining, some research suggests that being asked to generate explanations during learning
can be beneficial to learning from animated lessons (i.e., De Koning et al., 2011; Lin &
Atkinson, 2013; Ryoo & Linn, 2014; Wouters et al., 2008). The effect is found with inference
and transfer questions, but not always with retention questions, suggesting that the act of
generating explanations may help learners process the information more deeply (De Koning
et al., 2011). Yet, some research finds that prompts to explain, when used in conjunction with
an animation, are no better than providing direct instruction without prompts to explain (De
Koning et al., 2010; Lin et al., 2016). Other research finds that prompting students to explain a
dynamic presentation in pairs can be more beneficial than giving students an already devel-
oped explanation (Ryoo & Linn, 2014). Overall, research is mixed concerning the effects of
prompts to generate explanations with animations.

The argument for why prompts to explain may not be beneficial when used with an
animated lesson is based on the idea that explaining can create too much cognitive load (Lin
et al., 2016). A cause of the cognitive load increase from using animations in a computer-based
lesson is that the information is not permanently onscreen (Leahy & Sweller, 2011; Spanjers
et al., 2010; Wong et al., 2012). The transitory nature of the information of an animated lesson

1864 Educational Psychology Review (2021) 33:1859–1885



causes more processing load to the learner than a static picture. On top of that, having learners
also engage in a difficult task, like generating an explanation, requires more cognitive load
capacity to be used and can cause cognitive overload rather than a beneficial effect (Lin et al.,
2016). We attempt to overcome this potential problem in the present study by prompting
learners to explain during pauses in a multimedia lesson.

Novelty of This Research

This research is beneficial to our understanding of using explanation in learning for several
reasons. First, this set of studies investigates how prompts to generate explanations can be
added into an online lesson. Especially now, online lessons are becoming more prominent and
a struggle many learners are facing is the lack of engagement that the technology promotes.
This research aims to understand how to add a constructive component to learning that is often
more passive and lacks an engaging pull. Second, this research uses a multimedia lesson that is
commercially available, in an attempt to understand how to improve educational material that
is already being used by learners. Much of the research on learning by explaining has not
focused directly on multimedia presentations involving animation and the ones that have
examined lessons with animation have shown conflicting results (De Koning et al., 2010; De
Koning et al., 2011; Lin & Atkinson, 2013; Lin et al., 2016; Wouters et al., 2008). Lastly, this
research involves delayed testing, which is often not used when investigating the effects of
learning by explaining.

Theoretical Framework and Predictions

Generative learning activities, such learning by explaining, are inspired by generative learning
theory, which posits that meaningful learning occurs when learners engage in appropriate
cognitive processing during learning (Fiorella & Mayer, 2015, 2016; Mayer, 2020; Wittrock,
1974, 1989). These cognitive processes for building structure in working memory include the
following:

Selecting—paying attention to the relevant incoming information for further processing in
working memory
Organizing—arranging the selected information into a coherent cognitive structure in
working memory
Integrating—connecting the selected information with relevant existing knowledge acti-
vated from long-term memory

Generative learning activities such as writing or rewriting explanations are intended to prime
these three cognitive processes during learning. First, the students must select the material to
include in their written explanation. Second, students must mentally organize the material into
a coherent statement. Third, by putting the statement in their own words, students must use
their relevant prior knowledge.

Generative learning theory dates back to the work of Wittrock on learning as a generative
activity, which began in the 1970s (1974, 1989; Doctorow et al., 1978; Grabowski, 2004; Lee
et al., 2008; Mayer, 2010; Tobias, 2010), and is related to earlier conceptions of meaningful
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learning proposed by the Gestalt psychologists in the first half of the 20th century (e.g.,
Katona, 1942; Wertheimer, 1959). Generative learning theory is central to current conceptions
of cognitive constructivism, which holds that learning is an active process of building
cognitive structures in working memory (Mayer, 1992, 2020).

Additionally, the ICAP framework (Chi, 2009; Chi et al., 2018; Chi & Wylie, 2014)
provides a complementary approach to the role of learner-generated explanations during
learning. The ICAP framework proposes a taxonomy that differentiates four types of
engagement during learning and orders them from lowest to highest level of engagement.
Passive, the lowest level of engagement, occurs when there is no overt action occurring
during learning, such as simply viewing a multimedia lesson. Active, the second level,
occurs when the learner engages in a shallow level of overt action during learning, such as
reading printed words aloud in each segment of a multimedia lesson. Constructive, the
third level, occurs when learners generate information that goes beyond the given lesson,
such as writing an explanation for each segment of a multimedia lesson. Interactive, the
highest level of engagement, occurs when there is some sort of interaction with another
person or computer agent during a multimedia lesson such as discussing the meaning of
each segment of a multimedia lesson with another student. According to the ICAP
framework, learning by explaining (or what can be called self-explanation) as implement-
ed in the present study falls under the constructive level (Chi & Wylie, 2014). This is
because learners are generating an explanation that goes beyond the given information but
are not interacting with others.

We draw on generative learning theory and the ICAP framework to derive predictions
concerning the effectiveness of prompting students to engage in generative learning activities
such as writing or rewriting an explanation versus not prompting students to engage in
generative learning activities. We measure learning outcomes with a broad posttest that
involves writing answers to open-ended questions about the processes involved in greenhouse
gases. Classic theory and research on meaningful learning suggests that learning in a mean-
ingful way creates a more durable memory representation that persists in a coherent form
longer than learning in a rote way, which is reflected in some evidence that the effects of
meaningful learning show up better on a delayed test than on an immediate test (Katona, 1942;
Mayer & Wittrock, 2006; Wertheimer, 1959). Importantly, this pattern has been observed in
modern research on generative learning strategies such as learning by testing (also called
retrieval practice) in which the effects of studying and self-testing are superior to studying and
studying again when students take a delayed test but not when they take an immediate test
(Brown et al., 2014; Dunlosky et al., 2013; Fiorella & Mayer, 2015, 2016; Roediger III &
Karpicke, 2006). Additionally, the ICAP framework suggests that deeper learning occurs
when higher levels of engagement are met; accordingly, activities that encourage more
engagement should engender higher delayed test performance than those who have lower
levels of engagement. Thus, in the present study, we examine whether effects of generative
activities are stronger on delayed tests than on immediate tests.

Writing an explanation, writing a focused explanation, and rewriting an explanation all are
generative activities that are at higher levels of the ICAP framework (i.e., constructive or
active) than passively reading the material (i.e., passive) or reading an instructor-generated
explanation (i.e., passive). According to generative learning theory, in concert with the ICAP
framework, our primary predictions are that the write-an-explanation group will outperform
the no-activity group on the posttest in Experiments 1, 2, and 3 (hypothesis 1a), the write-a-
focused-explanation group will outperform the no-activity group on the posttest in
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Experiments 1 and 2 (hypothesis 1b), and the rewrite-an-explanation group will outperform the
no-activity group on the posttest in Experiment 3 (hypothesis 1c).

Research on effectiveness of instructional interventions depends both on the intervention
and on the control group. In the present study, the difference between the treatment groups and
the no-activity groups include learner activity and engagement as well as access to a written
explanation. In order to control for access to a statement of explanation, we included a control
group that simply reads an instructor-provided explanation after each of the four segments of
the lesson but does not engage in activity (i.e., read-an-explanation group). Similar to
hypothesis 1, writing an explanation and rewriting an explanation both require generative
activity that is not required for reading an explanation and they are at a higher level of the
ICAP framework than passively reading an explanation. Accordingly, we predict that the
write-an-explanation group will outperform the read-an-explanation group on the posttest in
Experiments 1, 2, and 3 (hypothesis 2a), the write-a-focused-explanation group will outper-
form the read-an-explanation group on the posttest in Experiments 1 and 2 (hypothesis 2b),
and the rewrite-an-explanation group will outperform the read-an-explanation group on the
posttest in Experiment 3 (hypothesis 2c).

The ICAP framework (Chi, 2009; Chi et al., 2018; Chi & Wylie, 2014) suggests that
activities at the same level (such as write-an-explanation and write-a-focused explanation)
should promote the same level of deep learning, and thus there should be no differences in
learning outcome. Based on this analysis, we predict that in Experiments 1 and 2, the write-an-
explanation group should perform similarly to the write-a-focused-explanation group in
(hypothesis 3). Additionally, this framework suggests that engaging in a learning activity at
the constructive level, such as writing an explanation, should lead to better learning than a
learning activity at the active level, such as rewriting an explanation. Based on this analysis,
we predict that the write-an-explanation group should outperform the rewrite-an-explanation
group on the posttest in Experiment 3 (hypothesis 4). We also are interested in whether the
effects are strong on delayed tests and immediate tests, because prior work suggests that
interventions aimed at deep learning may show stronger effects on delayed tests.

Experiment 1

The main goal of Experiment 1 is to assess whether adding prompts to write-an-explanation
(or write-a-focused explanation) in a computer-based multimedia lesson affects performance
on an immediate test of learning.

Method

Participants and Design

The participants were 126 undergraduates recruited from a university in Southern California
through a psychology subject pool, in which they fulfilled a course requirement by participat-
ing. A power analysis based on α = 0.05, effect size = 0.65, and power = 0.80 demonstrated
that a sample of this size would be sufficient. The mean age of the participants was 18.67 years
(SD = 0.82), the mean prior knowledge score was 4.55 (SD = 2.18) which is considered low,
and 88 of them were women. The experiment used a between-subjects design with 4 levels
(explanation type: write-an-explanation, write-a-focused-explanation, read-an-explanation, no-
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activity) between-subjects design with 33 participants in the write-an-explanation group, 32
participants in the write-a-focused-explanation group, 30 participants in the read-an-
explanation group, and 31 participants in the no-activity group.

Materials

The paper-based materials consisted of a prequestionnaire and a postquestionnaire. The
computer-based materials consisted of 4 versions of a self-paced multimedia lesson on
greenhouse gases and a posttest consisting of 7 questions.

Prequestionnaire The prequestionnaire solicited demographic information (including gender
and age), had a five-point scale asking students to rate their knowledge of how greenhouse
gases work from “very low” to “very high,” and included 11 statements relating to knowledge
about greenhouse gases and global warming that students were asked to place a check mark
next to if the statement applied to them. A sample of these statements include: “I have taken a
class that has discussed greenhouse gases,” “I consider myself to be an environmentalist,” and
“I know how a greenhouse works.”

The correlation between the self-reported prior knowledge rating and the more
objective checklist assessment (i.e., the number of checked statements) was moderate,
r(124) = 0.46, p < 0.001. For this reason, our assessment of prior knowledge is based
solely on the more objective measure of number of items checked on the prior
knowledge checklist measure. We chose to use the checklist as our measure of prior
knowledge rather than a pretest on material from the lesson because we want to avoid
a testing effect in which the act of taking a test is an instructional even that causes
learning (Brown et al., 2014; Roediger III & Karpicke, 2006) and we wanted to avoid
guiding learners’ attention to lesson material that could be primed by the pretest
questions. The Cronbach’s alpha for the objective checklist assessment (with possible
scores from 0 to 11 based on the number of checked items) is 0.64. An explanation
for the sub-optimal internal consistency is that the checklist was designed to tap
diverse situations across a variety of sub-domains that were intended to assess
students’ broad background knowledge about the environment rather than to assess
specific knowledge of greenhouse gases with a set of similar statements.

Multimedia lessons The instructional materials consisted of four versions of a com-
puterized multimedia lesson that described how greenhouse gases warm up the
atmosphere. All versions of the lesson had the same four animated slides with
onscreen text (ranging from 39 words to 104 words at the top of the screen)
describing the different steps of how heat from the sun interacts with greenhouse
gases and becomes trapped in the atmosphere. Screenshots of the slides are shown in
Fig. 1. The lesson animations came from a KQED public television lesson on
greenhouse gases, found here: https://ww2.kqed.org/quest/2014/12/12/how-do-
greenhouse-gases-work/. In the slides, students learned about how the Earth absorbs
light from the sun, which is then expelled from the Earth as infrared radiation. This
radiation interacts with greenhouse gases and causes the gases to vibrate and warm up
the air around them. When there are more greenhouse gases in the atmosphere, the
temperature rises quickly because there are more interactions occurring causing more
vibrations.
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After each animation slide, participants saw a slide with one of four prompts, corre-
sponding to the explanation group the participant was in. Participants were prompted by
the system to do the activities listed for the one column in Table 1 that corresponded to the
condition they were randomly assigned to. The participants in the write-an-explanation
group were given prompts that asked them to explain what they had learned in the previous
slide (shown in the first column of Table 1). The participants in the write-a-focused-
explanation group were given prompts that asked them to explain specific aspects they had
learned in the previous slide (shown in the second column of Table 1). The specific terms
in the prompt were intended to help scaffold the learner’s generative activity. Participants
in these two groups wrote their explanations on a separate sheet of paper that was
provided. The participants in the read-an-explanation group were given an onscreen
printed explanation about the material in the previous slide which was designed as the
answer to the question prompted by the write-a-focused-explanation group prompt (shown
in the fourth column of Table 1). This served as a control group that provided access to an
explanation of the presented material (as in the write-an-explanation and write-a-focused
explanation groups) without prompting learners to engage in a generative learning activity.
The explanations provided to participants in the read-an-explanation group were created
by the experimenters based on the material and were not verbatim text reproduced from the
lesson. The participants in the no-activity group were given a prompt to move to the next
slide (shown in the fifth column of Table 1). This was intended as the primary control
group.

Posttest The posttest consisted of 7 open-ended questions intended to assess partici-
pants’ ability to apply what was presented in the lesson at a variety of levels of transfer:
(1) “Based on the lesson you saw, please explain how greenhouse gases work.” (2)
“What prevents infrared radiation from leaving the Earth’s atmosphere?” (3) “How
would planting more trees/plants affect the temperature of the atmosphere?” (4) “What
is a reason that temperatures on Earth might decrease, on average?” (5) “Why does your
skin feel warm when you step out into the sunlight?” (6) “How would Earth’s atmo-
sphere be different if the atmosphere contained only nitrogen and oxygen?” (7) “How
could we decrease the Earth’s temperature without changing the amount of greenhouse
gases in the atmosphere?” Cronbach’s alpha for the posttest test was 0.56. A reason for
this sub-optimal reliability is that the posttest questions were designed to assess learning
at a variety of levels of transfer ranging from remembering to understanding to analyzing
and to assess a variety of explanative mechanisms described in the lesson, rather than to
have all questions similar in terms of level and content. The posttest questions were
presented one question at a time, with 60 seconds allowed per question. The time limit
was imposed to standardize the testing experience and to determine which ideas were
most easily accessible to learners. Each question was presented on the computer screen
and participants wrote their answers on a sheet of paper that was provided.

Postquestionnaire The postquestionnaire included six subjective questions intended to assess
learners’ experience with the lesson: (1) “I enjoyed this lesson.” (2) “The topic of this lesson
was interesting to me.” (3) “I would like to learn from more lessons like this.” (4) “I felt as
though the way this lesson was taught was effective for me.” (5) “How difficult was this lesson
for you?” and (6) “How much effort did you exert during this lesson?” These items were rated
on a five-point scale ranging from 1 (strongly disagree) to 5 (strongly agree) for items 1–4
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(which were intended to assess enjoyment, interest, motivation, and satisfaction), from 1 (very
easy) to 5 (very difficult) for item 5 (which was intended to measure perceived intrinsic
cognitive load), and from 1 (very little effort) to 5 (very much effort) for item 6 (which was
intended to measure perceived germane cognitive load). Overall, the postquestionnaire was
included to provide preliminary and exploratory information about the learners’ learning
process and perceived load that might be useful in future research but was not the main focus
of the study.

Apparatus

The apparatus consisted of 4 iMac computer systems, with 20-inch color screens, each housed
in an individual cubicle that blocked visual contact among participants.

Procedure

Participants were randomly assigned to one of the four groups and tested at individual
cubicles in a lab setting with up to four participants in each session. First, the
participants completed the prequestionnaire at their own pace. Next, the experimenter
provided oral instructions for the study and began the lesson, which was self-paced,
on each participant’s computer. Participants could stay on any of the lesson or
explanation slides as long as they wanted, but they were not allowed to move
backwards in the lesson. The amount of time spent on the lesson was measured for
each participant. After the lesson, participants completed the posttest. Each posttest
question was individually displayed on the screen for 60 seconds. After the 60
seconds, participants were told to move on to the next question. We imposed a time
limit in order to standardize testing conditions for all participants and to ensure that
participants could not skip through the questions. Once finished with the posttest,
participants completed the postquestionnaire at their own rate. The entire experiment
took no longer than 30 minutes. We obtained Institutional Review Board (IRB)
approval and adhered to guidelines for ethical treatment of human subjects.

Results and Discussion

Scoring the Posttest

One point was awarded for each of the key points participants included across the 7 transfer
questions, yielding a total possible score of 36. Two researchers graded each posttest inde-
pendently, and then all disagreements were resolved through discussion until 100% agreement
was reached. A Pearson correlation was run to determine the relationship between the two
researchers’ grading and found a strong correlation between the two researchers’ point
assignment, r = 0.87, p < 0.001.

Do the Groups Differ on Basic Characteristics?

A preliminary issue concerns whether random assignment produced groups that were
equivalent on basic characteristics. Concerning background knowledge score, there
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were no statistically significant differences based on explanation prompt, F(3, 122) =
0.59, p = 0.623. Concerning age, there were no statistically significant differences
based on explanation prompt, F(3, 122) = 1.59, p = 0.196. Concerning gender, a chi-
square test showed that there was not a significant difference among the four groups
based on explanation prompt, χ2(3, N = 126) = 0.78, p = 0.855. We conclude that
participants in each group were equivalent in the basic characteristics of prior knowl-
edge, age, and gender composition.

Does Writing Explanations During Pauses in a Multimedia Lesson Improve Learning?

Generative learning theory and the ICAP framework predict that the write-an-
explanation group would do better than the no-activity group (hypothesis 1a) and
the write-a-focused-explanation group would do better than the no-activity group
(hypothesis 1b). Table 2 shows the posttest means and standard deviations for each
group. A one-way (explanation type) ANOVA showed there was not a significant
main effect of explanation prompt, F(3, 122) = 1.36, p = 0.258. In order to test this
first set of a priori predictions, we conducted a Tukey post-hoc test. In contrast to
hypotheses 1a and 1b, there were no significant differences found between the write-
an-explanation group (M = 10.12, SD = 3.62) and the no-activity group (M = 8.74,
SD = 3.46 p = 0.409) nor between the write-a-focused-explanation group (M = 10.03,
SD = 3.89) and the no-activity group (p = 0.341). Additionally, there was no
significant difference between the read-an-explanation group (M = 8.87, SD = 3.16)
and the no-activity group (p = 0.999).

Generative learning also predicts that the write-an-explanation group would do
better than the read-an-explanation group (hypothesis 2a) and the write-a-focused-
explanation would do better than read-an-explanation group (hypothesis 2b). The
same Tukey post-hoc test was used to test this second set of a priori predictions. In
contrast to the hypotheses 2a and 2b, there were no significant differences found
between the write-an-explanation group and the read-an-explanation group (p = 0.361)
nor between the write-a-focused-explanation group and the read-an-explanation group
(p = 0.426). Based on ANOVAs with post-hoc tests, the differences did not reach
statistical significance although they were in the predicted direction.

Table 2 Means and standard deviations on learning posttest for groups in all experiments

Write-an-
explanation

Write-a-focused-
explanation

Rewrite-an-
explanation

Read-an-
explanation
(control)

No-
activity
(control)

M SD d M SD d M SD d M SD d M SD

Experiment 1
(immediate)

10.12 3.62 0.39 10.03 3.89 0.35 - - - 8.87 3.16 0.04 8.74 3.46

Experiment 2
(delayed)

8.06 4.02 0.68 7.27 3.71 0.50 - - - 4.47 2.84 0.28 5.41 3.78

Experiment 3
(delayed)

9.13 2.99 1.31 - - - 7.79 3.40 0.85 6.81 4.04 0.51 4.90 3.43

Note. Bolded scores are significantly greater than the no-activity group at p < 0.05
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ICAP predicts that the write-an-explanation group would perform similarly to the write-a-
focused-explanation group (hypothesis 3). The same Tukey post-hoc test was used to test this
third a priori prediction. In agreement with hypothesis 3, there was not a significant difference
between the write-an-explanation group and the write-a-focused-explanation group (p = 1.00).

To summarize the data, we conducted contrast analyses using two models: a basic
model in which the explaining groups each have a weight of +1 and the two control
groups each have a weight of −1 (based on the idea that explaining is better than not
explaining), and a weighted model in which the write-an-explanation group has a +2
weight, the write-a-focused-explanation group has a weight of +1, the read-an-
explanation group has a weight of −1, and the no-activity group has a weight of −2
(based on the idea that certain kinds of explaining are more effective than others). In
Experiment 1, the basic model was the best fitting model with R-square = 0.996, and p =
0.004. There is evidence for a model in which groups that engage in explaining during
learning perform better than those that do not engage in any generative learning activities
during learning, as predicted by generative learning theory.

Lastly, as we are interested in understanding how using generative learning strategies
compared to non-generative learning strategies in this lesson, we also ran a t test that
compared the combination of the two generative strategies to the combination of the two
control groups. The t test was significant, t(124) = 2.03, p = 0.045, supporting the
observation that participants who engaged in generative strategies (M = 10.08, SD =
3.73) outperformed participants who did not (M = 8.80, SD = 3.29). We did not use a
Bonferroni correction because we only conducted one t test. Based on these summary
analyses, there is some evidence for the power of the generative activity of writing
explanations during pauses in a multimedia lesson.

Overall, these results suggest that, although there were no significant differences
among all four groups on an immediate test based on an ANOVA, the more fine-
grained analyses based on contrast analysis and the t test for combined explanation
and combined control groups suggest an emerging pattern that should be explored
further.

Are There Effects of the Amount of Time Spent on the Lesson?

A potential difference between the write explanations groups and the control groups is
that the write explanations groups were required to spend more time on the lesson. First,
an ANOVA was run to determine if there were significant differences in time spent on
the lesson between the groups. A one-way ANOVA showed there was a significant main
effect of explanation type, F(3, 122) = 132.93, p < 0.001. A Tukey post-hoc test revealed
that both the write-an-explanation group (M = 9 min, 24 sec, SD = 2 min, 2 sec) and the
write-a-focused-explanation group (M = 10 min, 27 sec, SD = 2 min, 40 sec) took
significantly longer than both the read-an-explanation group (M = 3 min, 34 sec, SD = 57
sec) and the no-activity group (M = 3 min, 24 sec, SD = 51 sec, ps < 0.001). There was
no significant difference in the time between the two writing groups (p = 0.099) nor
between the two control groups (p = 0.984).

To better understand the relationship between lesson time and score on the posttest,
we ran a Pearson correlation. There was a nonsignificant positive, weak correlation
between the time taken on the lesson and score on the posttest, r(124) = 0.15, p =
0.086. Although nonsignificant, this correlation is confounded in that generative learning
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activities take longer than no activity and generative learning activities also encourage
deep learning more so than non-generative activities. Thus, the benefits of using gener-
ative learning could be due to the extra time or due to the active engagement prompted
by the generative activity. To help differentiate the effects of more time and active
engagement, we also ran the correlation within each group. There were no significant
correlations (at p < 0.05) between study time and posttest performance for the write-an-
explanation group (r = −0.12, p = 0.516), write-a-focused-explanation group (r = 0.09, p
= 0.607), read-an-explanation group (r = −0.04, p = 0.852), and no-activity group (r =
−0.02, p = 0.915). This suggests that self-selected study time is not a good predictor of
test success.

Is There an Effect of Explanation Prompt on Perception of the Lesson?

After completing the posttest, all participants filled out a questionnaire that assessed their
perception of the lesson itself. We ran multiple ANOVAs on postquestionnaire questions
assessing differences in how the participants’ perceived the lesson in enjoyment, interest,
motivation, effectiveness, difficulty, and required effort. There were no significant differences
(ps > 0.05) among the four groups on any of these questions. Overall, the different groups did
not appear to affect how learners perceived the lesson, including their self-assessment of
perceived intrinsic and germane cognitive load. This shows that the extra effort required for
generative activities did not affect student perceptions of the lesson.

Experiment 2

Given the promising, but nonsignificant results of Experiment 1 with an immediate test,
the main goal of Experiment 2 is to assess whether adding prompts to write an explana-
tion (or write a focused explanation) in an online multimedia lesson affects performance
on a delayed test of learning. As described in the “Introduction” section, delayed tests
may be better able to detect meaningful learning outcomes, which is the proposed
outcome of generative learning activities such as learning by explaining. Additionally,
some previous research has demonstrated that the benefits of generative activities are not
necessarily seen on an immediate test but do show up strongly on a delayed test (Brown
et al., 2014; Dunlosky et al., 2013; Fiorella & Mayer, 2015, 2016). Thus, Experiment 2 is
designed to examine this idea by replicating Experiment 1 but using a delayed test.

Method

Participants and Design

The participants were 131 undergraduates recruited from a university in Southern California
through a psychology subject pool, in which they fulfilled a course requirement by participat-
ing. A power analysis of α = 0.05, effect size = 0.65, and power = 0.80 demonstrated that a
sample of this size would be sufficient. The mean age of the participants was 18.97 years (SD
= 1.64), their average prior knowledge score was 4.89 (SD = 2.01) which is considered low,
and 106 of them were women. The experiment used a one-way between-subjects design with
34 participants in the write-an-explanation group, 33 participants in write-a-focused-
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explanation group, 32 participants in the read-an-explanation group, and 32 participants in the
no-activity group.

Materials

The materials were the same as Experiment 1.

Prequestionnaire The prequestionnaire was the same as Experiment 1. The correlation
between the self-report prior knowledge and more objective assessment (the number of
checked statements) was moderate, r(129) = 0.48, p < 0.001. As in Experiment 1, our
assessment of prior knowledge is based solely on the more objective prior knowledge items.
The Cronbach’s alpha for the checklist was 0.58. As in Experiment 1, an explanation for the
sub-optimal internal consistency is that the checklist was designed to tap diverse situations in
order to assess students’ broad background knowledge rather than specific knowledge of
greenhouse gases.

Multimedia lessons The lessons were the same as Experiment 1.

Posttest The posttest was the same as Experiment 1. Cronbach’s alpha for the posttest
test was 0.65. As in Experiment 1, the low internal consistency was probably due to
the fact that the posttest assessed for knowledge about different aspects of the lesson
and different levels of instructional objectives, not uniform knowledge of a singular
point.

Postquestionnaire The postquestionnaire was the same as Experiment 1.

Apparatus

The apparatus was the same as in Experiment 1.

Procedure

The procedure was the same as Experiment 1 with one difference. In Experiment 2, partici-
pants completed the prequestionnaire and the lesson in the first session. After completing the
lesson, participants left the lab and were instructed to come back exactly a week later. In
session 2, a week later, participants completed the posttest and the postquestionnaire. The
whole experiment took no more than 30 minutes total. We obtained IRB approval and adhered
to guidelines for ethical treatment of human subjects.

Results and Discussion

Scoring the Posttest

The scoring of the posttest was done in the same way as Experiment 1. A Pearson correlation
was run to determine the relationship between the two researchers’ grading and found a strong
correlation between the two researchers’ point assignment, r = 0.87, p < 0.001.
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Do the Groups Differ on Basic Characteristics?

A preliminary issue concerns whether random assignment produced groups that were equiv-
alent on basic characteristics. There were no statistically significant differences among the
groups for prior knowledge score, F(3, 127) = 0.57, p = 0.572; or age, F(3, 127) = 0.10, p =
0.961. However, there was a significant difference in gender composition, χ2(3, N = 130) =
8.53, p = 0.036, so gender was included as a covariate in subsequent analyses of posttest and
postquestionnaire data in Experiment 2.

Does Writing Explanations During Pauses in a Multimedia Lesson Improve Learning?

As in Experiment 1, generative learning theory and the ICAP framework predict that the write-
an-explanation group would do better than the no-activity group (hypothesis 1a) and the write-
a-focused-explanation group would do better than the no-activity group (hypothesis 1b).
Table 2 shows the posttest means and standard deviations for each group on the posttest. A
one-way ANCOVA, with gender as a covariate, showed there was a significant main effect of
explanation prompt, F(3, 126) = 6.13, p = 0.001. Additionally, gender did not have a
significant effect in this ANCOVA, F(1, 126) = 2.04, p = 0.156, indicating that gender was
not related to posttest performance. For clarity of the post-hoc tests, a Tukey post-hoc test was
run using the ANOVA without the covariate of gender, F(3, 127) = 6.83, p < 0.001. The
Tukey post-hoc test revealed that the write-an-explanation group (M = 8.06, SD = 4.02) scored
significantly higher on the posttest than the no-activity group (M = 5.41, SD = 3.78, p = 0.018),
in line with hypothesis 1a. However, the write-a-focused-explanation group (M = 7.27, SD =
3.71) did not perform significantly better than the no-activity group (p = 0.167), in contrast to
hypothesis 1b. There was no significant difference between the read-an-explanation group (M
= 4.47, SD = 3.78) and the no-activity group (p = 0.729).

Generative learning theory and the ICAP framework also predict that the write-an-
explanation group would do better than the read-an-explanation group (hypothesis 2a) and
the write-a-focused-explanation group would do better than the read-an-explanation group
(hypothesis 2b). The same Tukey post-hoc test was used to test the second set of a priori
predictions. The Tukey test revealed that the write-an-explanation group scored significantly
higher than the read-an-explanation group (p = 0.001), in line with hypothesis 2a. Addition-
ally, the write-a-focused-explanation group scored significantly higher than the read-an-
explanation group (p = 0.012), in line with hypothesis 2b.

The ICAP framework also predicted that there should not be differences between the
write-an-explanation group and the write-a-focused-explanation group (hypothesis 3), as
they are both constructive activities. The same Tukey post-hoc test revealed that there
were no differences between these two groups (p = 0.811), consistent with hypothesis 3.

As a summary, we conducted contrast analyses using the two models from Experiment 1.
Again, the basic model was the best fitting with R-square = 0.909, p = 0.047, suggesting that
the two explaining groups outperformed the two control groups.

Once again, we ran a t test to investigate the combined generative activity groups to the
combined control activity groups to understand how generative strategies may benefit learners.
There was a significant effect, t(129) = 4.32, p < 0.001, confirming the observation that
participants in the generative activity groups (M = 7.67, SD = 3.86) outperformed participants
in the control activity groups (M = 4.94, SD = 3.35).
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These results suggest that engaging in generative activities, such as writing explanations
during pauses in a multimedia lesson, is beneficial to learning compared to control activities.
Additionally, this study displayed the importance of using a delayed test to assess the benefits
of using generative learning strategies. A delayed test may serve as a better measure of deep
understanding than an immediate test, as discussed further in the “General Discussion” section.

Are There Effects of the Amount of Time Spent on the Lesson?

A potential reason that participants may have done better in the explanation groups may have
been that those groups required the students to spend more time on the lesson. First, an
ANOVA was run to determine if there were significant differences in time spent on the lesson
among the groups. A one-way ANCOVA showed there was a significant main effect of
explanation type, F(3, 125) = 136.76, p < 0.001. The covariate, gender, did not have a
significant effect in this ANCOVA, F(1, 125) = 0.14, p = 0.709, indicating that gender was
not related to time taken on the lesson. For clarity of the post-hoc tests, Tukey tests were run
using the ANOVA without the covariate of gender, F(3, 126) = 138.02, p < 0.001. Tukey tests
revealed that the write-an-explanation group (M = 9 min, 42 sec, SD = 2 min, 45 sec) and the
write-a-focused-explanation group (M = 10 min, 10 sec, SD = 2 min, 11 sec) both took
significantly longer (p < 0.001) than the read-an-explanation group (M = 3 min, 15 sec, SD =
44 sec) and the no-activity groups (M = 3 min, 5 sec, SD = 1 min). There were no differences
between the two write-an-explanation groups (p = 0.757) nor between the two control groups
(p = 0.985). It appears that participants spent more time on the lesson when tasked with writing
an explanation than when they were not asked to write an explanation, which is expected as
generative activities take longer to complete. We conclude that added study time is part of the
explanation writing treatments.

To better understand the relationship between lesson time and score on the posttest, we ran
a Pearson correlation. There was a positive correlation between the time taken on the lesson
and score on the posttest, r(128) = 0.36, p < 0.001. However, this correlation is confounded in
that generative learning activities take longer than no activity and generative learning activities
encourage deep learning more so than non-generative activities. Thus, the benefits to learning
from generative learning could potentially be due to the extra time or due to the active
engagement prompted by the activity. To help differentiate the effects of more time and active
engagement, we also ran the correlation within each group. There were no significant
correlations (at p < 0.05) between study time and posttest performance for the write-an-
explanation group (r = 0.05, p = 0.719), write-a-focused-explanation group (r = 0.116, p =
0.358), read-an-explanation group (r = 0.10, p = 0.412), and no-activity group (r = 0.10, p =
0.458). This suggests that self-selected study time is not a good predictor of test success;
however, it does not rule out time as a possible factor in the treatment effects in this or
subsequent experiments.

Is There an Effect of Explanation Prompt on Perception of the Lesson?

After completing the posttest, all participants filled out a questionnaire that assessed
their perception of the lesson itself. We ran multiple ANCOVAs on postquestionnaire
questions assessing differences in how the participants’ perceived the lesson in
enjoyment, interest, motivation, effectiveness, difficulty, and required effort. There
were no significant differences (ps > 0.05) between the four groups on any of these
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questions. Overall, the explanation type did not appear to affect how learners perceive
the lesson, including their perceived intrinsic cognitive load and perceived germane
cognitive load. As in Experiment 1, the writing prompts did not affect how students
perceived the lesson, including how hard they thought the lesson or how much effort
they put in.

Experiment 3

Experiments 2 found that asking students to write an explanation led to better posttest
performance as compared to a no-activity control group or read-an-explanation control group,
and that this pattern was clearly found on a delayed test but not on an immediate test (in
Experiment 1). Given the potential importance of this finding, we sought to determine whether
we could replicate this finding in Experiment 3, specifically if writing an explanation would be
better than reading an explanation and engaging in no activity. Additionally, a new aim of
Experiment 3 was to examine the effects of engaging in a less demanding form of explanation
writing—rewriting a provided explanation in one’s own words—which might be more suitable
for remote learning with inexperienced learners. As discussed, generating explanations for
multimedia lessons with animations can be a cognitively demanding task. We are interested in
understanding how a less cognitively demanding task, like rewriting an already given expla-
nation, may benefit learners. Additionally, we were interested in understanding how an activity
that would theoretically fall at the active level of the ICAP framework would compare to our
constructive activities.

Method

Participants and Design

The participants were 128 undergraduates recruited from a university in Southern
California through a psychology subject pool. They fulfilled a course requirement by
participating. A power analysis of α = 0.05, effect size = 0.65, and power = 0.80
demonstrated that a sample size of this large would be sufficient. The mean age of the
participants was 18.95 years (SD = 1.26), the mean knowledge score was 4.55 (SD =
2.13) which is considered low, and 89 of the participants were women. The experiment
used a one-way between-subjects design with 32 participants in the write-an-explanation
group, 33 participants in the rewrite-an-explanation group, 32 participants in the read-an-
explanation group, and 31 participants in the no-activity group.

Materials

The materials were mostly the same from Experiments 1 and 2. The only difference was
that the write-a-focused-explanation group was replaced with a new rewrite-an-
explanation group. The rewrite-an-explanation group was exactly the same as the read-
an-explanation group, but on the slides that had the explanations displayed, a prompt was
added that told participants to “Please rewrite this explanation in your own words” (as
shown in the third column of Table 1). As in Experiments 1 and 2, participants wrote
their explanations on a separate sheet of paper.
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Prequestionnaire The prequestionnaire was the same as Experiments 1 and 2. The
Cronbach’s alpha for the background knowledge items was 0.62, which can be explained as
in Experiments 1 and 2.

Multimedia lessons The lessons were the same as Experiments 1 and 2 except the rewrite-an-
explanation group was included and replaced the write-a-focused-explanation group. The
rewrite-an-explanation group consisted of a given explanation about the material in the
previous slide with a prompt that asked participants to write the explanation in their own
words. As can be seen in Table 1, the explanations in the rewrite-an-explanation group were
exactly the same as in the read-an-explanation group.

Posttest The posttest was the same as Experiments 1 and 2. Cronbach’s alpha for the posttest
was 0.63, subject to the same explanation as in Experiments 1 and 2.

Apparatus

The apparatus was the same as in Experiments 1 and 2.

Procedure

The procedure was the same as in Experiment 2. We obtained IRB approval and adhered to
guidelines for ethical treatment of human subjects.

Results and Discussion

Scoring for the Posttest

The posttest questions were scored in the same way as in Experiments 1 and 2. A
Pearson correlation was run to determine the relationship between the two researchers’
grading and found a strong correlation between the two researchers’ point assignment, r
= 0.91, p < 0.001.

Do the Groups Differ on Basic Characteristics?

A preliminary concern was whether random assignment produced groups that were equivalent
on basic characteristics. There were no statistically significant differences among the groups on
prior knowledge score, F(3, 124) = 0.10, p = 0.958; age, F(3, 124) = 0.31, p = 0.815; or gender
composition, χ2(3, N = 128) = 4.36, p = 0.225. We can conclude that the groups were
equivalent in the basic characteristics of prior knowledge, age, and gender composition.

Does Writing or Rewriting Explanations During Pauses in a Multimedia Lesson Improve
Learning?

Generative learning theory and the ICAP framework predict that the write-an-explanation
group would do better than the no-activity group (hypothesis 1a) and that the rewrite-an-
explanation group would do better than the no-activity group (hypothesis 1c). Posttest means

1878 Educational Psychology Review (2021) 33:1859–1885



and standard deviations for each group are shown in Table 2. A one-way ANOVA showed
there was a significant main effect of explanation type, F(3, 124) = 8.18 , p < 0.001. Consistent
with hypothesis 1a, a Tukey post-hoc test revealed that the write-an-explanation group (M =
9.13, SD = 2.99) significantly outperformed the no-activity group (M = 4.90, SD = 3.43, p =
0.001). Additionally, in line with hypothesis 1c, the rewrite-an-explanation group (M = 7.79,
SD = 3.40) outperformed the no-activity group, (p = 0.007). There was no significant
difference between the read-an-explanation group (M = 6.81, SD = 4.04) and the no-activity
group (p = 0.136).

Generative learning theory and the ICAP framework also predict that the write-an-
explanation group would do better than the read-an-explanation group (hypothesis 2a) and
the rewrite-an-explanation group would do better than the read-an-explanation group (hypoth-
esis 2c). The same Tukey post-hoc test also revealed that the write-an-explanation group
outperformed the read-an-explanation group (p = 0.044), supporting hypothesis 2a. However,
the rewrite-an-explanation group did not significantly outperform the read-an-explanation
group (p = 0.673), not supporting hypothesis 2c.

ICAP framework predicts that the write-an-explanation condition would do better than the
rewrite-an-explanation group (hypothesis 4), as writing an explanation is at a higher level of
engagement (constructive) rewriting an explanation (active). In contrast to this hypothesis, the
same Tukey post-hoc test revealed that there was no difference between these groups (p =
0.413).

As a summary, we conducted contrast analyses using the same two models as in Experi-
ment 1 and 2, except the weight given to the rewrite-an-explanation group replaced the weight
given to the write-a-focused-explanation group. In Experiment 3, the basic model was the best
fitting model with R-square = 0.937, p = 0.032. Again, this pattern suggests that the generative
activity groups outperformed the control groups with the strongest difference for the write-an-
explanation group over the no-activity group.

A t test was also used to compare the effect of the combined generative activities to the
combined non-generative activities. The t test was significant, t(126) = 4.09, p < 0.001,
supporting the observation that participants who engaged in generative activities (M = 8.45,
SD = 3.25) outperformed participants who did not (M = 5.87, SD = 3.85).

This study displays how generative activities—even ones that help scaffold a student’s
learning such as rewriting an explanation—are effective in bolstering learners’ understanding
of material compared to activities that are not generative. We replicated the findings that
writing an explanation was better than reading an explanation and doing nothing (control) on a
delayed test. Additionally, this research expanded upon Experiment 2 by finding that rewriting
an explanation was better than only being given the lesson. This research demonstrated that
rewriting an explanation, typically considered at the active level of the ICAP model, has
similar benefits as writing an explanation, typically considered at the constructive level of the
ICAP model. The implications of this are discussed in the “General Discussion” section.

Are There Differences in the Amount of Time Spent on the Lesson?

In Experiments 1 and 2, the write explanation groups required more time than the control
groups. To understand if this also occurred in this experiment, a one-way ANOVA was run to
determine if there were significant differences in the time spent on the lesson between the
groups. A one-way ANOVA showed that there was a significant main effect of explanation
prompt, F(3, 124) = 184.98, p < 0.001. A Tukey post-hoc test showed that the write-an-
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explanation group (M = 10 min, 17 sec, SD = 2 min 28 sec) and the rewrite-an-explanation
group (M = 11 min 5 sec, SD = 2 min 17 sec) took significant longer (p < 0.001) than the read-
an-explanation group (M = 3 min 32 sec, SD = 54 sec) and the no-activity group (M = 2 min 58
sec, SD = 44 sec). There was no significant difference between the write-an-explanation group
and the rewrite-an-explanation group (p = 0.227) nor between the read-an-explanation group
and the no-activity group (p = 0.598). Again, it took participants more time to complete the
groups that had generative activities than the groups that did not have those activities. We
conclude the need for more time is part of the treatment when students are asked to engage in
generative activities during learning at their own pace.

As in Experiment 2, we explored the issue of whether study time was related to posttest
performance. The overall Pearson correlation was positive, r(126) = 0.26, p = 0.003. As in
Experiment 2, we also ran the same Pearson correlations within each of the four groups to
understand if time is a variable that would have a significant impact on learning without the
confound of the generative learning activity. There were no significant correlations (at p <
0.05) between study time and posttest performance for the write-an-explanation group (r =
−0.23, p = 0.212), rewrite-an-explanation group (r = −0.15, p = 0.397), read-an-explanation
group (r = 0.042, p = 0.819), and no-activity group (r = −0.037, p = 0.845). As in Experiments
1 and 2, this suggests that self-selected study time is not a good predictor of test success.

Is There an Effect of Explanation Prompt on Perception of the Lesson?

After completing the posttest, all participants filled out a questionnaire that assessed their
perception of the lesson itself. We ran multiple one-way ANOVAs on postquestionnaire
questions assessing differences in how the participants’ perceived the lesson in enjoyment,
interest, motivation, effectiveness, difficulty, and required effort. For all but one question,
effectiveness, there were no significant differences (ps > 0.05) between the four groups. For
the effectiveness rating, there was a significant main effect of explanation type, F(3, 124) =
3.53, p = 0.017. A Tukey post-hoc test revealed that those in the rewrite-an-explanation group
(M = 3.70, SD = 1.08) reported the lesson as more effective than the no-activity group (M =
2.97, SD = 1.08), with no other pairwise differences. Overall, we conclude that the groups did
not show substantial differences in learners’ perceptions of these lessons, indicating that
generative activities did not cause students to like the lessons less or experience greater
perceived cognitive load.

General Discussion

Empirical Contributions

These experiments illustrated the benefit of engaging in generative strategies during pauses in
a multimedia lesson. Experiments 2 and 3 found writing an explanation led to better learning
over a delay than not engaging in a generative activity (such as reading an explanation or
engaging in no activity). Additionally, Experiment 3 found that adding a scaffolded generative
activity (rewriting a provided explanation) benefitted learning as compared to not engaging in
a generative activity.

Experiments 2 and 3, in comparison to Experiment 1, showed the importance of using a
delayed test when trying to gauge the benefits of generative learning strategies. When given an
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immediate test, there were no significant differences among the groups, but when tested with a
delayed test, the benefits of generative learning strategies were displayed. This demonstrates
that the benefits of engaging in generative learning strategies are more likely to be seen after a
period of time. This is in line with prior literature that the benefits of generative learning show
up on a delayed test (Brown et al., 2014; Dunlosky et al., 2013; Fiorella & Mayer, 2015,
2016). Overall, this finding is consistent with the idea that meaningful learning outcomes—
created through generative learning activities—are more coherent and better linked to prior
knowledge, which allows for greater durability over time.

These experiments add to the generative learning literature in several ways. First, they
demonstrated that generative learning activities can be successfully incorporated into
computer-based learning with animations. They may also provide an explanation for the
differences in research findings about the benefits of prompting explanations with animations.
An immediate test may not always be sensitive enough to show the benefits of generating an
explanation and thus, previous studies using an immediate test show mixed results as described
in the Introduction. In contrast, Experiments 2 and 3 showed consistent evidence for the
benefits of learning by explaining on delayed tests. It should be noted that some previous
research discussed in the Introduction reported significant effects for learning by explaining on
an immediate test, so a more nuanced conclusion is warranted.

Additionally, these experiments showed that learning by explaining may appear to involve
different levels of the ICAP framework, all of which benefit learners when compared to simply
going through a lesson. However, this research suggests that rewriting an explanation could
belong at the constructive level for some learners because it can involve going beyond the
presented information (e.g., through putting the statement in one’s own words), whereas an
activity such as reading text aloud or copying an explanation word for word—which were not
part of the present study—belong at the active level and would not be expected to benefit
deeper learning as strongly.

Furthermore, these experiments compared prompting explanations and rewriting explana-
tions not only to a control group, but also to a group where participants are asked to read an
explanation of the material. This adds to the literature on learning by explaining by demon-
strating how important it is for multimedia learners to be active participants in their own
learning rather than passive recipients of information. This work extends previous research in
which learners generate explanations concurrently while studying static material such as
printed text and illustrations, to a new situation in which learners generate explanations during
pauses after short segments of annotated animations that are transitory in nature.

Lastly, this set of experiments illustrated that generative learning strategies did not change
how learners perceived the lesson. In all experiments, adding a generative learning strategy did
not have much of an effect on how enjoyable, how interesting, how motivating, how effective,
how difficult, or how much effort was used by learners compared to control activities. This
suggests that adding generative learning strategies is beneficial to learning without a cost to
students’ perceptions of the lesson.

Theoretical Contributions

The findings in these three experiments relate to the generative learning theory, as represented
in the select-organize-integrate (SOI) model of cognitive processing during multimedia learn-
ing (Fiorella & Mayer, 2015, 2016; Mayer, 2014, 2020). Generating an explanation is one of
the strategies that can help prime the cognitive processes of selecting, organizing, and
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integrating during learning (Fiorella & Mayer, 2015, 2016). The explanation prompt is
intended to encourage learners to apply all the key aspects of generative learning theory—
selecting, organizing, and integrating—into a single explanation and thus leads to deeper
learning of the material, as demonstrated by these experiments.

These experiments add to generative learning theory by demonstrating how prompting
learners to generate an explanation lead to better learning, specifically from a multimedia
lesson. The previous literature using generative learning strategies, specifically learning by
explaining, with animations has been mixed, but the present research helps demonstrate that
lasting benefits of learning by explaining with a multimedia lesson may need to be investigated
with a delayed test. Furthermore, they show how students can still benefit from generative
explanations even if the student requires more support in developing an explanation. By
rewriting the explanation in Experiment 3, learners did not have to select the most relevant
knowledge from the lesson, but they still had to engage in organizing and integrating it with
their previous knowledge. Rewriting, even with a scaffolded form of selecting, was still
beneficial to participants.

Additionally, these findings map onto the ICAP framework (Chi, 2009; Chi &Wylie, 2014;
Chi et al., 2018), which posits that engaging in activities that require a higher level of
engagement (i.e., the constructive level) results in better learning than engaging in no activities
during learning (i.e., the passive level). Engaging in activities at the constructive level (i.e.,
writing an explanation) or even the active level (i.e., rewriting an explanation) in the ICAP
framework led to deeper learning that persisted over a delay.

Practical Implications

These studies extend our understanding of how to apply the generative learning principle
(Mayer, 2020) to a computer-based multimedia lesson that students might encounter in an
online learning scenario. Learning remotely can be an isolating experience that primes a
passive stance in learners, so it is worthwhile to incorporate effective prompts to engage in
generative activities—including writing or rewriting an explanation after each section of an
onscreen lesson. Thus, this research demonstrates how beneficial it can be for instructors to
incorporate explanation prompts into their more passive lessons, especially if the goal of
presenting the material to help learners develop a deeper and persisting understanding of the
material. However, if the goal of the instruction is to perform well on an immediate test,
prompting explanations may not be the most effective strategy.

Limitations and Future Directions

One limitation of this study is that the material used was one short lesson. When learning, most
individuals engage with multiple lessons that build on top of one another that require more
than an hour of learning. This research provides a foundational understanding for how writing
an explanation and rewriting an explanation may benefit learners in a short, simple lesson,
which may not generalize to classroom learning. Future research should investigate how
generating an explanation and rewriting an explanation may benefit students over a long-
term course in a class or school-like environment.

The measure of cognitive load was based on self-reports, so it reflects the learner's
perception of cognitive load rather than an objective measure of cognitive load. It would be
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useful to include objective measures of cognitive load in future studies in order to determine its
role as a mediating variable. Similarly, it would be useful to have objective measures of
cognitive processing during learning, which could serve as mediators between generative
learning activities and learning outcomes.

Another limitation is that the generative activity groups required more time than the control
group. Although this may suggest that time is the crucial factor leading the differences in the
groups, there is an alternate explanation, as discussed earlier. It could be the fact that additional
time is an integral part of the activity of explaining because writing an explanation takes longer
than simply reading through a lesson. Although we attempted to separate the effects of time
and effects of the activity in our studies, there is still a possibility that the benefits are due to
time. To truly understand if time and explanation prompt are confounded, future research
should conduct the same experiment but require all participants to spend the same amount of
time on each slide. Although this is not ecologically valid and therefore subject to criticism as
well, controlling for study time in this way would allow for a straightforward test of the effects
of explanation prompts on learning outcome. Additionally, in some situations oral
explanations could be used in place of written explanations and the control group could be
asked to read the material twice to minimize time differences across groups, similar to how Chi
et al. (1994) conducted their study.

A potential limitation to this study is that students may not have been engaging fully in
explanation and instead created summaries of the material. Although summarizing is a type of
generative learning strategy, according the ICAP framework (Chi, 2009; Chi et al., 2018; Chi
& Wylie, 2014), summarizing would only reach the active level rather than the constructive
framework. If students engaged more in summarizing than explaining, the benefits of the
activity may not be as strong as possible. Future research should investigate how to differen-
tiate the effects of explaining and summarizing.

Lastly, a potential limitation of this study was that there was a limit on the amount of time
participants could spend answering each question on the posttest. This time limit was used to
encourage participants to spend time thinking about each question and write more than a
simple response. However, for some items, this may not have been enough time to process the
question and write everything down. Future research should investigate if there are different
effects of prompting explanation when learners are allowed to spend more time on the posttest.

Future research should investigate the effects of writing an explanation on a more difficult
lesson. This lesson, although novel to many of the participants, was fairly simple to follow. It
may have been easy enough for students to follow and thus, most students were able to benefit
from less support than they might require in a more difficult lesson. It might be the case that a
more difficult lesson would show the differences between the write-an-explanation, write-a-
focused-explanation, and the rewrite-an-explanation groups as these groups provide different
amounts of support to learners.

Future research could include enough subjects to be able to examine the quality of the
explanations produced by students in the rewrite group. Perhaps, the effects of rewriting would be
stronger for students who generated explanations that reflected more changes to the presented
explanation, which could indicate performance at the constructive level of the ICAP framework.

Another future direction of this research is to understand how writing an explanation may
be impacting learners’ mental models of the material. As Chi (2000) explained, generating an
explanation may aid learning due to the fact that it can help students repair their mental
models, either by filling gaps in understanding or correcting misconceptions. These experi-
ments did not directly investigate the mental models participants held about greenhouse gases
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prior to participating in the study and thus cannot draw conclusions about how the learners’
mental models are being affected.
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