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Summary 

High-quality teaching is key to students' academic success but also essential for 

promoting educational equity. Particularly for students from disadvantaged backgrounds and 

socially deprived school contexts, classroom teaching often serves as the primary lever to 

reduce inequality. In this context, lasting subject-specific learning is a central criterion for 

successful teaching. However, recent large-scale achievement studies have highlighted that 

students often struggle to acquire and retain such lasting knowledge, especially in domains such 

as science. An effective way to enhance students' learning is to have them teach previously 

learned contents to others, a method known as learning by teaching. Recent research has shown 

that teaching contents even to a fictitious, non-present peer—referred to as non-interactive 

teaching—is also a powerful generative activity. It requires students to adapt their explanations 

to an imagined peer, who can be portrayed in various ways. The activity is also suitable for 

individual learning settings. Non-interactive teaching can facilitate the meaningful construction 

of coherent mental representations, contributing to learning and metacomprehension. However, 

this effect is modest and heterogeneous. 

Therefore, we investigated how to optimize the generative activity of non-interactive 

teaching in three experimental classroom studies conducted in inquiry-based authentic physics 

lessons with secondary students (N = 1,251). We tested whether this activity can be enhanced 

through drawing, by distributing it throughout the study phase, or by sequentially adding 

retrieval practice. We assessed students' conceptual knowledge and monitoring accuracy 

regarding both immediate and lasting learning after eight weeks. 

The results revealed that combining non-interactive teaching with drawing improved 

students' immediate conceptual knowledge, likely due to increased task interest and more 

complete explanations. In contrast, distributing the activity throughout the study phase did not 

yield additional benefits. No main effect emerged for the sequential combination of non-
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interactive teaching and retrieval practice. However, exploratory analyses revealed that retrieval 

practice supported lasting learning when prior generative processing was of low quality—that 

is, when students' explanations were incomplete, less elaborated, or inaccurate. 

Together, the findings demonstrate that non-interactive teaching can be systematically 

optimized to support learning in authentic science lessons. Carefully designed generative 

activities—combined with retrieval practice—offer a promising approach to fostering lasting 

learning in secondary science education. In this sense, the present dissertation contributes to 

strengthening successful teaching—and thus teaching quality—as a key lever for promoting 

students' academic success and educational equity. It provides practice-oriented insights into 

how evidence-informed teaching activities can be implemented in everyday classroom 

teaching. Moreover, it highlights how such approaches can support sustainable school 

development and underlines the importance of promoting high teaching quality across all 

phases of teacher education to improve student learning. 
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Zusammenfassung 

Eine hohe Unterrichtsqualität ist entscheidend für den schulischen Erfolg von 

Schüler:innen und zugleich zentral für die Förderung von Bildungsgerechtigkeit. Besonders für 

Schüler:innen aus benachteiligten Herkunftskontexten und sozial deprivierten Schulumfeldern 

stellt der Unterricht häufig den wichtigsten Hebel dar, um Ungleichheiten auszugleichen. In 

diesem Zusammenhang ist dauerhaftes fachliches Lernen ein zentrales Kriterium erfolgreichen 

Unterrichts. Aktuelle internationale Leistungsstudien zeigen jedoch, dass viele Schüler:innen 

Schwierigkeiten haben, Wissen aufzubauen und dauerhaft zu behalten – insbesondere in den 

Naturwissenschaften. 

Ein wirksamer Weg, um das Lernen von Schüler:innen zu fördern, besteht darin, sie 

zuvor Gelerntes anderen erklären zu lassen. Dieses Vorgehen ist als Lernen durch Lehren 

bekannt. Aktuelle Forschung zeigt, dass auch das Erklären gegenüber einer fiktiven, nicht 

anwesenden Person—bekannt als nicht-interaktives Lehren—eine wirksame generative 

Lernaktivität darstellt. Dabei müssen Schüler:innen ihre Erklärungen auf eine fiktive Person 

zuschneiden, die unterschiedlich dargestellt werden kann. Die Aktivität lässt sich zudem 

flexibel in individuellen Lernsituationen einsetzen. Nicht-interaktives Lehren kann zur 

bedeutungsvollen Konstruktion kohärenter mentaler Repräsentationen beitragen und somit 

Lernen und metakognitive Prozesse fördern. Die Wirksamkeit fällt jedoch insgesamt eher 

gering und auch uneinheitlich aus. 

Vor diesem Hintergrund wurden im Rahmen dieser Dissertation drei experimentelle 

Unterrichtsstudien im Fach Physik mit insgesamt 1.251 Schüler:innen der Sekundarstufe 

durchgeführt. Ziel war es, die generative Aktivität des nicht-interaktiven Lehrens in 

authentischem Unterricht, der forschendes Lernen beinhaltet, zu optimieren. Es wurde 

untersucht, ob die Aktivität des nicht-interaktiven Lehrens durch die Kombination mit 

Zeichnen, durch das Verteilen der Lernaktivität über die Studierphase oder durch die 
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Kombination mit Retrieval Practice (Abrufübung) verbessert werden kann. Erfasst wurden das 

konzeptuelle Wissen und die Genauigkeit der Wissenseinschätzung der Schüler:innen—sowohl 

unmittelbar als auch mit einer zeitlich verzögerten Erhebung nach acht Wochen. 

Die Ergebnisse zeigten, dass die Kombination des nicht-interaktiven Lehrens mit 

Zeichnen kurzfristige Lerngewinne förderte. Die Effekte erklärten sich durch gesteigertes 

aufgabenbezogenes Interesse und vollständigere Erklärungen der Schüler:innen. Die mehrfache 

Durchführung der Lernaktivität des nicht-interaktiven Lehrens führte hingegen zu keinen 

zusätzlichen Effekten. Auch die Kombination mit Retrieval Practice zeigte keine Haupteffekte. 

In explorativen Analysen zeigte sich jedoch, dass Retrieval Practice dann zu langfristigem 

Lernen beitrug, wenn die vorherigen Erklärungen der Lernenden von geringer Qualität waren—

also unvollständig, wenig elaboriert oder fehlerhaft. 

Insgesamt verdeutlichen die Ergebnisse, dass nicht-interaktives Lehren systematisch 

optimiert werden kann, um das Lernen im regulären naturwissenschaftlichen Unterricht 

wirksam zu unterstützen. Sorgfältig konzipierte generative Lernaktivitäten—kombiniert mit 

Retrieval Practice—stellen einen vielversprechenden Ansatz dar, um nachhaltiges Lernen im 

Fachunterricht der Sekundarstufe zu fördern. Die Dissertation leistet damit einen Beitrag zur 

Stärkung erfolgreichen Unterrichts—und damit der Unterrichtsqualität—als zentralem Hebel 

für schulischen Erfolg und Bildungsgerechtigkeit. Sie liefert praxisnahe Einblicke, wie 

evidenzbasierte Lernaktivitäten im Schulalltag umgesetzt werden können, zeigt 

Anknüpfungspunkte für nachhaltige Schulentwicklungsprozesse auf und betont die Bedeutung 

hoher Unterrichtsqualität in allen Phasen der Lehrerbildung zur Förderung des Lernens aller 

Schüler:innen. 
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1 Introduction and Theoretical Background 

High-quality teaching is widely regarded as one of the most influential school-related 

factors affecting student learning and achievement (Bohl, 2023; Klieme, 2022; Lipowsky, 

2020). Its importance extends beyond general educational outcomes: successful teaching plays 

a particularly critical role in supporting students from disadvantaged backgrounds and those 

attending schools in socially deprived areas (Bremm et al., 2016; Klein, 2017). For these 

students, classroom teaching is often the most powerful lever to compensate for unequal starting 

conditions and limited learning opportunities outside of school (Baumert et al., 2010; Cadima 

et al., 2010; Decristan et al., 2016; Lipowsky & Bleck, 2019; Seiz et al., 2016). Accordingly, 

ensuring teaching quality is not only a question of effectiveness but also of educational equity.  

In this context, one key criterion of successful teaching is students’ subject-specific 

learning (Klieme, 2022), which should ideally be lasting rather than temporary (see T. Richter 

et al., 2022). Indeed, stable knowledge helps students to make sense of new information, 

critically assess it, and reach informed decisions (T. Richter et al., 2022). Lasting knowledge is 

therefore essential for students' academic success and their participation in today's knowledge 

society (OECD, 2016). Accordingly, school teachers carry great responsibility in supporting 

students to acquire and retain knowledge as a central educational goal. However, recent large-

scale achievement studies (e.g., Mullis et al., 2020; OECD, 2023) indicated that students often 

struggle to acquire such lasting knowledge—particularly in domains such as science. Even with 

targeted approaches intended to foster scientific literacy, such as inquiry-based learning where 

students mimic the professional activities of researchers under supervised conditions (Pedaste 

et al., 2015), students tend to process contents superficially (Goldwater & Schalk, 2016; 

Schneider et al., 2011). This may be due to the high cognitive and metacognitive demands 

associated with such an instructional method (Alfieri et al., 2011). 
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Based on generative learning theory, it can be assumed that the generative learning 

activity of non-interactive teaching1 can help facilitate the meaningful construction of coherent 

mental representations in inquiry-based settings (Fiorella, 2023b). During non-interactive 

teaching, students verbally explain contents to a fictitious, non-present peer, which can foster 

both students' conceptual knowledge and monitoring accuracy (Lachner et al., 2022), that is, 

the accuracy of judgments about one's own understanding (Schraw, 2009). The approach of 

non-interactive teaching could therefore be a promising way to enable successful teaching in 

subject-specific contexts (see also Klieme, 2022). 

However, the overall effect of non-interactive teaching is relatively modest (Kobayashi, 

2024; Lachner et al., 2021) and heterogeneous (e.g., Hoogerheide, Visee, et al., 2019; Jacob et 

al., 2022). These findings suggest that non-interactive teaching alone is not necessarily effective 

and may require modifications. This raises the question of how the generative activity of non-

interactive teaching regarding students' conceptual knowledge and monitoring accuracy can be 

optimized, particularly in the context of inquiry-based authentic science lessons in school and 

with respect to both immediate and lasting learning. Accordingly, and following recent research 

efforts targeting instructional improvement (see, e.g., Fiorella & Kuhlmann, 2020; Lachner et 

al., 2020; Pan et al., 2024; Roelle, Endres, et al., 2023), the present dissertation aims to address 

this question by systematically investigating complementary instructional modifications of non-

interactive teaching across three empirical classroom studies. Based on a proposed Offer-Use 

Model of Teaching for Students' Non-Interactive Teaching (adapted from Vieluf et al., 2020; 

Fiorella & Mayer, 2016), each study focuses on a specific enhancement that may improve the 

effectiveness of non-interactive teaching in inquiry-based authentic science education. As 

1 The term non-interactive teaching refers to a form of learning by teaching in which students generate instructional 

explanations directed at an imaginary audience. This includes adapting the explanation to the assumed knowledge 

and needs of the addressee (Lachner et al., 2022). It is therefore conceptually distinct from learning by explaining, 

which also encompasses forms such as self-explaining.  

Importantly, the term teaching in non-interactive teaching refers to the explanatory activity performed by students 

and should not be confused with the broader notion of teaching used throughout this dissertation to denote formal 

classroom teaching.
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potential enhancements of non-interactive teaching, Study 1 investigates the combination of 

non-interactive teaching and drawing, Study 2 the distribution of non-interactive teaching 

across multiple points of a study phase, and Study 3 the combination of non-interactive teaching 

and retrieval practice. All three studies investigate specific instructional modifications aimed at 

improving students' conceptual knowledge and monitoring accuracy in inquiry-based authentic 

science lessons, with regard to both immediate and lasting learning. Together, these studies aim 

to provide a systematic, theoretically and empirically grounded, and practically relevant 

contribution to optimizing non-interactive teaching as a means to foster learning in real-world 

science education in school. In doing so, these three studies also aim to contribute to enabling 

successful teaching in subject-specific contexts. 

The present dissertation is structured as follows: Chapter 1 outlines the relevance of 

enhancing the generative learning activity of non-interactive teaching and introduces the 

theoretical background. Chapter 2 specifies the dissertation's research focus and the related 

contributions of the three empirical classroom studies. Chapters 3 to 5 present these studies: 

Chapter 3 is about enhancing non-interactive teaching with drawing, Chapter 4 through its 

distribution across a study phase, and Chapter 5 through its combination with retrieval practice. 

Finally, Chapter 6 discusses the findings across studies, their implications for educational 

research and practice, and outlines directions for future research. 

1.1 Teaching and Learning 

According to Terhart (2019), the term "teaching" refers to situations that are 

characterized by four essential features: (1) a pedagogical intention, (2) a systematic and 

planned organization, (3) an institutional setting2, and (4) the professional activity of teachers 

aimed at enhancing students' knowledge and skills. Against this background and with regard to 

2 In line with Terhart (2019), the term "institutional setting" refers specifically to the instructional context of 

general education in the formal school system. Other forms of instruction—such as in private music or language 

schools—are not considered within the scope of this definition.
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teaching quality, successful teaching is characterized by the achievement of its educational 

objectives (Berliner, 2005, for a normatively oriented understanding of teaching quality, see 

e.g., Berliner, 2005; Klafki, 1995). These outcomes of teaching may include knowledge, 

understanding, skills, and competencies, the development of students’ self-concept, domain-

specific interest, and motivation, as well as psychosocial and emotional aspects (Berliner, 2005; 

Klieme, 2022). From an educational science perspective, the focus is not solely on output 

measurement; rather, the teaching process itself is central and examined systematically in terms 

of its effects on student learning (Klieme, 2022). Successful subject-specific teaching is 

particularly important for students from disadvantaged backgrounds or those attending schools 

in socially deprived contexts (Bremm et al., 2016; Klein, 2017). For these students, for example, 

teaching quality and student background factors are particularly closely intertwined, and high-

quality teaching can play a key role in supporting their learning and compensating for unequal 

starting conditions (e.g., Cadima et al., 2010; Decristan et al., 2016; Seiz et al., 2016). 

Overall, and following the current discourse on teaching (e.g., Keller et al., 2025; 

Klieme, 2022; Vieluf et al., 2020), teaching can be understood as an interactive process 

involving teachers, students, and the subject matter. Moreover, teaching can be understood as 

an offer that students—also taking into account their individual learning prerequisites—can use 

as co-constructors of their own learning process. This perspective is summarized in the 

currently prominent Offer-Use Model of Teaching (Figure 1) proposed by Vieluf et al. (2020). 

This model focuses on the reciprocal relationship between teaching offer and student use. It 

emphasizes that both teachers and students possess individual characteristics—such as prior 

knowledge, beliefs, and motivation—that shape how the teaching offer is processed and used. 

By embedding classroom interactions in multilayered school and out-of-school contexts and 

highlighting reciprocal influences, the model captures the complexity of teaching (in contrast 

to more linear models, see Fend, 2008) and accommodates the potential for diverse educational 

outcomes. 
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While the model of Vieluf et al. (2020) integrates both the teaching offer and its use in 

classroom settings, connecting the perspective of teaching and the perspective of learning is not 

straightforward, as teaching and learning, despite being interrelated, are not simply two sides 

of the same process. In contrast to teaching, the concept of learning typically centers on the 

individual cognitive processes of students. 

Learning can be approached from different disciplinary perspectives. From a 

pedagogical perspective, learning is about the modalities of how learning takes place, but also 

about its content—namely, what learning does to the student and the world (Göhlich et al., 

2014), and constructivist educational perspectives emphasize that knowledge is actively 

constructed through individual experience, prior knowledge, and interpretive processes, 

including within teaching contexts (Gudjons & Traub, 2020). According to the traditional, 

cognitively oriented research on teaching and learning, learning refers to the process of 

changing a student's knowledge or behavior, encompassing various forms of actions and 

behaviors. Typically, learning involves the acquisition of new knowledge and the reorganization 

of existing knowledge structures (Roelle, Lachner, et al., 2023). In this context, knowledge is 

defined as information that is stored relatively stably in long-term memory (Sweller, 2024). In 

order to successfully acquire new information, it is essential that students already possess 

relevant prior knowledge in long-term memory (Renkl, 2009). Such prior knowledge enables 

them to interpret new information meaningfully, assess conflicting perspectives, and construct 

coherent mental models—mental representations necessary for solving real-world problems 

and for meaningful interaction with their environment (Ifenthaler & Seel, 2011; Johnson-Laird, 

1989; T. Richter & Maier, 2017). Therefore, fostering lasting learning is particularly important 

in school contexts. Lasting learning refers to durable changes in students' knowledge and 

cognitive skills that persist over time (T. Richter et al., 2022). Beyond short-term performance, 

an important goal of teaching is to help students build robust knowledge structures that they 

can access and flexibly apply across different situations and over extended periods of time.
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Figure 1 

Offer-Use Model of Teaching 

Note. Adapted from Vieluf et al. (2020). Translated from German. 
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1.2 Generative Learning 

A central practical concern arising from the goal of fostering (lasting) learning in 

classrooms—and thereby enabling successful subject-specific teaching—is how students can 

be effectively supported in actively building robust knowledge. Generative learning offers a 

well-established and classroom-relevant theoretical approach to address this challenge. 

Grounded in Wittrock's generative model of learning (1989, 2010), generative activities 

enhance the active construction of knowledge and are regarded as central to fostering 

meaningful learning in educational contexts (e.g., Fiorella, 2023b). One of the most widely 

recognized models of generative learning is the select-organize-integrate (SOI) model (Fiorella 

& Mayer, 2016), which outlines specific cognitive processes and primary memory stores for 

meaningful learning (see Figure 2). According to the SOI model, the generative learning process 

unfolds in three stages: First, students must select relevant information from the learning 

contents. Second, they need to organize this information in working memory in order to 

construct a coherent mental representation. Third, students must integrate this new mental 

representation with prior knowledge stored in long-term memory. 

In line with the SOI model (Fiorella & Mayer, 2016), metacognitive and motivational 

processes are also important for successful generative learning. Metacognition involves 

knowing which information to select, which knowledge structure to construct, and which prior 

knowledge to activate during learning. Thus, learners' ability to accurately evaluate their own 

understanding of the contents is essential for engaging effectively in generative learning. In 

addition, motivation is central to initiating and sustaining generative processing, as it can be 

understood as a cognitive state that triggers, stimulates, and maintains goal-directed behavior 

throughout the learning process (Fiorella & Mayer, 2016). 
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Figure 2 

The Select-Organize-Integrate (SOI) Model of Generative Learning 

Note. From Fiorella & Mayer (2016). 

1.3 Learning by Non-Interactive Teaching 

One effective generative learning activity shown to enhance student learning is non-

interactive teaching, in which students provide a verbal instructional explanation of previously 

learned contents to a fictitious, non-present peer (Lachner et al., 2022). During teaching, 

students engage in generative processes, which should yield better learning and 

metacomprehension (Fiorella, 2023b; Jacob et al., 2020). 

Recent meta-analyses have shown small positive effects of non-interactive teaching on 

students' learning (Kobayashi, 2024: g = 0.27; Lachner et al., 2021: g = 0.22 for conceptual 

knowledge, g = 0.16 for transfer; Ribosa & Duran, 2022: g = 0.17) and some evidence has 

indicated benefits for students' monitoring accuracy. However, most studies relied on laboratory 

settings with university students and immediate posttests, and when delayed assessments were 

included, they were predominantly administered after one week (e.g., Fiorella & Mayer, 2013, 

2014; Hoogerheide et al., 2014, 2016). Thus, it remains unclear whether non-interactive 
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teaching is similarly effective in authentic classroom settings in schools (see also Sibley et al., 

2024) and whether its benefits persist over time. 

1.4 Enhancing the Effectiveness of Non-Interactive Teaching 

Although the potential benefits of non-interactive teaching have been documented by 

recent meta-analyses (Kobayashi, 2024; Lachner et al., 2021; Ribosa & Duran, 2022), the 

reported findings vary considerably both between and within studies, with effects ranging from 

positive to null or even negative. This variability indicates that non-interactive teaching, in its 

current form, may not consistently lead to improved learning outcomes and points to the need 

for modification. 

To address this, researchers have recently begun to explore three primary strategies for 

enhancing the effectiveness of non-interactive teaching. First, they have combined non-

interactive teaching with additional generative learning activities such as drawing (e.g., Fiorella 

& Kuhlmann, 2020). Second, they have investigated ways to optimize the timing of non-

interactive teaching (i.e., distribution, see Lachner et al., 2020), and third, they have examined 

how to combine generative activities with retrieval practice (Roelle, Endres, et al., 2023). 

1.4.1 Enhancing Non-Interactive Teaching With Drawing 

One promising approach to enhance the effectiveness of non-interactive teaching is its 

combination with drawing. Drawing is a visual generative learning activity that requires 

learners to create external representations of the conceptual and physical structure of the 

learning material (Ainsworth & Scheiter, 2021; Fiorella & Mayer, 2016). As proposed by 

Fiorella (2023b), the act of drawing plays a critical role in organizing information meaningfully 

and may complement the verbal nature of teaching by adding a spatial structure to students' 

explanations. 

In science education, drawing is particularly valuable when learners need to visualize 

abstract phenomena that are not directly observable—such as optical principles or the particle 
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model (e.g., Cooper et al., 2017). By combining non-interactive teaching with drawing, students 

may benefit from the distinct but complementary cognitive affordances of both activities: while 

teaching can foster generalization, drawing can support the re-organization of knowledge 

(Fiorella, 2023b). Moreover, drawing may facilitate the teaching process itself by providing a 

visual structure that scaffolds the explanation, potentially leading to higher-quality instructional 

explanations (Fiorella, 2023b). Together, these processes could promote a more meaningful 

integration of the learning contents and may help students move beyond surface features and 

develop deeper, more coherent mental models of the subject matter (Fiorella, 2023b; Rau, 

2017). 

While the combination of non-interactive teaching and drawing appears promising, it is 

important to note that previous studies have primarily examined these strategies in isolation 

(Ainsworth & Scheiter, 2021). Only a few exceptions have investigated the integration of both 

activities (e.g., Fiorella, 2023a; Fiorella & Kuhlmann, 2020), showing that the combination can 

potentially boost students' conceptual understanding. However, these studies focused 

exclusively on laboratory settings with university students and short-term outcomes. As such, 

it remains unclear whether the potential benefits of combining non-interactive teaching and 

drawing also apply to inquiry-based authentic classroom settings in schools and whether these 

benefits can persist over longer periods of time. 

1.4.2 Enhancing Non-Interactive Teaching Through Distribution 

Another strategy for improving the effectiveness of non-interactive teaching lies in its 

temporal structure. In many existing implementations, students teach the learning contents only 

once, typically at the end of a study phase (e.g., Hoogerheide, Visee, et al., 2019; Sibley et al., 

2024). However, based on theoretical accounts of generative learning (Fiorella & Mayer, 2016) 

and findings from interpolated testing (Pan et al., 2024), it is conceivable that distributing non-
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interactive teaching across multiple points within a study phase may offer cognitive and 

metacognitive benefits. 

From a cognitive perspective, repeated teaching opportunities during a study phase may 

strengthen the (re-)construction of mental representations by prompting students to revisit, 

revise, and extend their understanding. Each new generative episode may serve as a chance to 

reinforce or refine prior processing, supporting knowledge acquisition (Cuddy & Jacoby, 1982; 

Prinz et al., 2020b). From a metacognitive standpoint, distributing teaching activities across a 

study phase may provide multiple opportunities for monitoring and self-regulation, allowing 

students to track their comprehension, adjust strategies, and correct misunderstandings 

(Lachner et al., 2020; Schleinschok et al., 2017). 

Initial research suggests that interpolating a single non-interactive teaching activity 

during the study phase can be more effective than implementing the activity only after the study 

phase, likely due to more frequent engagement in monitoring processes (Lachner et al., 2020). 

However, as shown in the study by Lachner et al. (2020), this finding stems from the only 

existing study to date that systematically examined the timing of non-interactive teaching—and 

it did so under controlled laboratory conditions, with university students, with text-based 

learning materials, and focusing exclusively on a single teaching opportunity. As such, it 

remains unclear whether multiple distributed teaching episodes offer additional benefits for 

students' conceptual knowledge and monitoring accuracy—particularly in authentic classroom 

settings. Moreover, as the study was not situated in an inquiry-based context, its implications 

for inquiry-based science learning remain uncertain. Furthermore, as no delayed posttest was 

employed in this study, the question of whether such a distribution also supports lasting learning 

remains unresolved. These open issues underscore the importance of investigating whether 

distributing non-interactive teaching across multiple points within a study phase enhances 

students' conceptual knowledge and monitoring accuracy in inquiry-based authentic school 

settings. 
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1.4.3 Enhancing Non-Interactive Teaching With Retrieval Practice 

Another promising approach to increasing the effectiveness of non-interactive teaching 

is its combination with retrieval practice. This learning strategy engages students in actively 

recalling previously learned information, for instance through quizzes or tests, and has been 

shown to support the retention of knowledge over time (Karpicke, 2017; Yang et al., 2021). 

Retrieving information from memory is assumed to reinforce memory traces and contribute to 

consolidation processes (Karpicke, 2017). 

From a theoretical perspective, combining non-interactive teaching and retrieval 

practice may be especially effective because they serve complementary learning functions: 

while generative activities such as non-interactive teaching promote knowledge construction, 

retrieval strengthens consolidation and supports long-term retention (Fiorella, 2023b; Roelle, 

Endres, et al., 2023). This suggests that combining non-interactive teaching with retrieval 

practice could support understanding and lasting learning. 

However, the two approaches—non-interactive teaching as a generative activity and 

retrieval practice—have largely been investigated in isolation (see Roelle, Endres, et al., 2023) 

or in direct comparison (e.g., Jacob et al., 2020). Rather than searching for the single most 

effective learning task, recent research has shifted toward examining the potential benefits of 

combining generative learning and retrieval practice, as well as exploring how the sequencing 

of these tasks may affect learning (Roelle, Endres, et al., 2023). To date, however, there is little 

empirical research on such sequential combinations, and—to the best of my knowledge—none 

that explicitly targets non-interactive teaching (for rare examples in related research, see Larsen 

et al., 2013; Roelle, Froese, et al., 2022). Accordingly, it remains unclear whether non-

interactive teaching can be enhanced by sequentially adding retrieval practice, particularly with 

regard to students' conceptual knowledge and monitoring accuracy in inquiry-based authentic 

science lessons in school. 
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1.5 Situating Non-Interactive Teaching Within Contexts of Teaching and Learning 

Overall, non-interactive teaching could be a promising approach to support successful 

subject-specific teaching, as non-interactive teaching—and its potential enhancements through 

drawing, distributing, and retrieval practice—may foster students’ (lasting) learning. It is 

therefore essential to consider non-interactive teaching within the broader context of teaching 

and learning in order to develop a comprehensive understanding of how it may contribute to 

students’ learning within classroom teaching. 

1.5.1 Non-Interactive Teaching Within Teaching and Learning 

Non-interactive teaching, as a generative learning activity, can be aligned with the four 

key features of teaching proposed by Terhart (2019). First, non-interactive teaching is guided 

by a clear pedagogical intention: students are deliberately prompted to teach learning contents 

to a fictitious peer with the aim of deepening their understanding and supporting knowledge 

construction. Second, non-interactive teaching is typically systematically embedded within 

instructional designs, for instance at specific points in an inquiry-based learning phase, 

indicating its planned nature. Third, it occurs within the formal institutional setting of schooling, 

being implemented during formal lessons under the supervision of a teacher. Fourth, although 

students engage actively in explaining contents, the professional responsibility for setting up, 

guiding, and integrating non-interactive teaching into the overall teaching strategy remains with 

the professional teacher. Consequently, non-interactive teaching can be conceptualized as a 

structured learning activity within formal teaching. 

At the same time, following a cognitively oriented view of learning, the ultimate goal 

of embedding non-interactive teaching into classroom activities remains to support students' 

learning: namely, to facilitate the acquisition of new knowledge and the reorganization of 

existing knowledge structures (Roelle, Lachner, et al., 2023). 
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1.5.2 Non-Interactive Teaching Within the Offer-Use Model of Teaching 

How non-interactive teaching as a generative activity is related to student learning can 

be considered through the prominent Offer-Use Model of Teaching proposed by Vieluf et al. 

(2020). In this model, teaching is understood as an offer that students can use as active (co-

)constructors of their own learning processes. Therefore, teaching is conceptualized as an 

interactive process involving teachers, students, and subject matter. 

Following the current discourse on teaching (e.g., Keller et al., 2025; Vieluf et al., 2020), 

it is consistent and established to incorporate a learning perspective informed by teaching and 

learning research into the Offer-Use Model of Teaching—which originally emerged from 

teaching quality research. Moreover, the model's authors (Vieluf et al., 2020) have pointed out 

that its structure is intentionally open and can be specified further depending on the focus of 

application (e.g., digitalization in school; Syring et al., 2022). 

Building on this perspective, the present approach situates non-interactive teaching 

within the Offer-Use Model of Teaching (Vieluf et al., 2020) as a domain-specific teaching 

offer. In line with a psychologically oriented understanding of learning, this approach also 

integrates a model of generative learning (Fiorella & Mayer, 2016). Overall, the focus is placed 

on teaching and learning processes in relation to non-interactive teaching. 

For example, in a physics unit on optics, specifically addressing the topic of "The 

converging lens and its images", the teacher provides a structured teaching offer that includes 

a presentation-led introduction to the basic functions of the converging lens and students' 

experiments, focusing on the effects of partially covering the lens and changing the distance 

between the object and the converging lens on image formation. To support students in 

acquiring this new knowledge, the teacher integrates the generative learning activity of non-

interactive teaching into the lesson. This learning activity can be implemented in modified 

formats that combine non-interactive teaching with drawing, distribute it across the study phase, 

or sequentially add retrieval practice. These design decisions involve both subject-specific and 
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learning-related considerations, including when to implement the activity during the learning 

process. The students’ actions related to non-interactive teaching include teaching the learning 

contents to a fictitious peer—possibly in combination with drawing—either once or at multiple 

time points during the study phase, or, after non-interactive teaching, completing a sequential 

retrieval quiz. In all these cases, non-interactive teaching and its modifications represent a 

structured opportunity for students to actively engage with the topic of the converging lens and 

its images. Ideally, students take up the offer, for example, by generating elaborated and 

complete explanations, which require them to select relevant information from sensory 

memory, organize it meaningfully in working memory, and integrate it into long-term memory. 

These internal learning processes reflect the cognitive mechanisms that can underlie successful 

use of the offer. However, as previous and related research suggests, the quality of students’ 

engagement may depend on additional factors such as task-specific motivation, perceived 

cognitive effort, or individual learning prerequisites like prior knowledge, academic self-

concept, and work ethic. In this sense, non-interactive teaching and its possible modifications 

can be understood as part of a structured teaching offer that, depending on how it is taken up 

and used by students, may contribute to students’ performance—for example, in terms of 

conceptual knowledge and monitoring accuracy. 
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Figure 3 

Offer-Use Model of Teaching for Students' Non-Interactive Teaching 

Note. Adapted from Vieluf et al. (2020) and Fiorella & Mayer (2016).
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2 The Dissertation's Research Focus 

Building on the theoretical and empirical foundations outlined in Chapter 1, the 

following chapter introduces the specific research focus of this dissertation. It begins by 

outlining the overarching aim and guiding research question of this work. Subsequently, the 

three empirical studies that form the core of this dissertation are introduced in relation to their 

specific contributions to answering the overarching research question. To conceptually situate 

these studies within the broader context of teaching and learning, the Offer-Use Model of 

Teaching for Students' Non-Interactive Teaching (see Figure 3) is used to illustrate the 

positioning of the three studies and their respective contributions to potentially enhance non-

interactive teaching in authentic school settings. 

2.1 Aims and Research Questions 

Supporting all students in learning is a central goal of high-quality science education in 

school. Non-interactive teaching could therefore be a promising way to support successful 

teaching. In particular, students with disadvantaged backgrounds and those attending schools 

in socially deprived areas may benefit from such structured instructional approaches (Bremm 

et al., 2016; Klein, 2017). 

At the same time, while non-interactive teaching shows promise as a generative learning 

activity, prior research has demonstrated both modest and heterogeneous effects of non-

interactive teaching (Kobayashi, 2024; Lachner et al., 2021; Ribosa & Duran, 2022), indicating 

that this learning activity is not necessarily effective and could benefit from modifications. In 

addition, most previous studies were conducted in controlled laboratory environments with 

university students (e.g., Fiorella & Mayer, 2013, 2014; Hoogerheide et al., 2014). These 

contexts differ substantially from everyday school classrooms, which are typically 

characterized by features such as greater student diversity, more environmental distractions, and 

complex social dynamics (e.g., Dinsmore & Alexander, 2012). Thus, it remains unclear whether 

non-interactive teaching is also effective with school students within the complex context of 
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inquiry-based authentic science education in schools. Furthermore, potential lasting effects of 

non-interactive teaching remain largely unexplored, as most studies examined only immediate 

or short-delay learning outcomes (e.g., after one week; Fiorella & Mayer, 2013).  

Against this background, the present dissertation aims to systematically investigate how 

non-interactive teaching can be enhanced to foster students' learning and metacomprehension 

in inquiry-based authentic school settings, with particular attention to both immediate and 

lasting learning outcomes. To this end, the overarching research question guiding this 

dissertation is: 

How can the generative activity of non-interactive teaching be enhanced regarding 

students' conceptual understanding and monitoring accuracy in inquiry-based authentic 

science lessons—both in terms of immediate and lasting learning? 

The approaches outlined in Chapter 1 highlight promising ways to enhance the 

effectiveness of non-interactive teaching. However, existing research leaves several open 

questions—particularly regarding the long-term effects of such enhancements and their 

applicability in inquiry-based authentic classroom settings. To address the overarching research 

question of this dissertation, three empirical classroom studies were conducted, each 

investigating a theoretically and empirically grounded potential instructional enhancement of 

non-interactive teaching. Each study focuses on a distinct instructional strategy, thus 

contributing uniquely to answering the overarching research question: 

1. Study 1: Combining non-interactive teaching with drawing  

Based on generative learning theory (Fiorella, 2023b) and prior research on the benefits of 

combined non-interactive teaching and drawing (Fiorella, 2023a; Fiorella & Kuhlmann, 

2020), it is reasonable to expect that this combination can foster meaningful learning. 

Against this background, the first study of this dissertation investigated whether combining 

non-interactive teaching with drawing—as a potential enhancement of non-interactive 
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teaching—supports students' conceptual knowledge and monitoring accuracy in inquiry-

based authentic science lessons, regarding both immediate and lasting learning. Moreover, 

prior research has indicated that students' task-specific motivation (Hoogerheide, Visee, et 

al., 2019; Jacob et al., 2021) and the quality of students' explanations can influence learning 

(Fiorella & Kuhlmann, 2020; Jacob et al., 2020; Lachner et al., 2018). Therefore, the first 

study also examined whether these variables contributed to the observed learning effects. 

2. Study 2: Distributing non-interactive teaching throughout a study phase 

Drawing on generative learning theory (Fiorella, 2023b) and interpolated practice (Pan et 

al., 2024), the second study investigated whether distributing non-interactive teaching 

across multiple points of an inquiry-based study phase—as a potential enhancement of non-

interactive teaching—supports students' conceptual knowledge and monitoring accuracy in 

authentic science lessons, regarding both immediate and lasting learning. Following 

Lachner et al. (2022), the study additionally accounted for students' individual differences 

that may shape learning. In line with prior research, prior knowledge (Hoogerheide, Renkl, 

et al., 2019) and academic self-concept (Jacob et al., 2022) were explored. As an extension, 

work ethic as a facet of conscientiousness was considered, given its documented relevance 

for learning in related research (Bareis et al., 2024; Song et al., 2020; Spielmann et al., 

2022). 

3. Study 3: Combining non-interactive teaching with retrieval practice 

Generative learning such as non-interactive teaching supports the construction of 

meaningful mental representations (Fiorella, 2023b), while retrieval practice supports 

consolidation and long-term retention (Karpicke, 2017). Due to their distinct yet 

complementary functions, combining generative activities with retrieval practice may 

enhance learning outcomes (Roelle, Endres, et al., 2023). Accordingly, the third study 

investigated whether combining non-interactive teaching and retrieval practice—as a 
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potential enhancement of non-interactive teaching—improves students' conceptual 

knowledge and monitoring accuracy in inquiry-based authentic school settings, regarding 

both immediate and lasting learning. Given that students' engagement in non-interactive 

teaching may shape the effectiveness of subsequent retrieval practice (e.g., Roelle, Froese, 

et al., 2022), we additionally explored associations between generation, retrieval, and 

explanation quality (i.e., completeness, elaboration, correctness). 

2.2 Locating the Research Focus Within the Offer-Use Model of Teaching for Students' 

Non-Interactive Teaching 

To situate the research focus of the dissertation within the broader context of teaching 

and learning, this section uses the Offer–Use Model of Teaching for Students' Non-Interactive 

Teaching (Figure 3) to provide a conceptual framing of the three classroom studies and their 

respective contributions (see Figure 4). 

1. Study 1 centers on the teaching offer, investigating whether combining non-interactive

teaching with drawing may improve students’ conceptual knowledge and monitoring

accuracy. It also considers learner-level factors such as task-specific motivation and

explanation quality, thereby linking the offer to its actual use.

2. Study 2 focuses on the timing of the offer by distributing non-interactive teaching across

the study phase. Additionally, it addresses student prerequisites (i.e., prior knowledge,

academic self-concept, work ethic) that may shape students' performance (i.e., conceptual

knowledge, monitoring accuracy).

3. Study 3 investigates how non-interactive teaching can be enhanced by sequentially adding

retrieval practice. It thereby focuses on the offer itself, investigating its influence on

students' conceptual knowledge and monitoring accuracy. In doing so, it explores the

relationship between the offer and students’ use of it with respect to their learning processes.
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Taken together, the three classroom studies could provide differentiated insights into 

how non-interactive teaching—as a generative learning activity—can be modified and 

potentially enhanced regarding students’ conceptual knowledge and monitoring accuracy in 

authentic instructional contexts, thereby directly addressing the overarching research question 

of this dissertation. 
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Figure 4 

The Dissertation's Research Focus located in the Offer-Use Model of Teaching for Students' Non-Interactive Teaching 

Note. Adapted from Vieluf et al. (2020) and Fiorella & Mayer (2016). 
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3 Study 1: Combining Non-Interactive Teaching and Drawing Fosters Conceptual 

Knowledge but not Monitoring Accuracy From Guided Inquiry in Science Learning 

Abstract 

Although inquiry-based learning is a widespread instructional strategy in science education, 

students often tend to process the contents superficially, which can hamper learning. In this 

classroom experiment, we investigated whether the generative activity of non-interactive 

teaching, in which students verbally explain contents to a fictitious, non-present peer, can be 

enhanced by drawing to support students' meaningful learning from guided inquiry. The study 

was conducted in an authentic physics education context in schools with secondary students (N 

= 590), contrasting three generative conditions (teaching-only, teaching + provided 

visualization, teaching + drawing) to a restudy control condition. Their potential effects were 

examined on immediate and lasting conceptual knowledge and monitoring accuracy, defined 

as students' metacognitive ability to judge their own performance. Regarding performance on 

the immediate conceptual knowledge test, generative activities were more effective than 

restudy. Also, in line with our expectations, the combined visualization conditions (teaching + 

visualization, teaching + drawing) outperformed teaching-only; moreover, teaching + drawing 

was more effective than teaching + visualization. The latter finding could be traced back to the 

fact that creating an additional drawing increased students' task interest and the completeness 

of their verbal explanations. Regarding monitoring accuracy, no effects were found. Contrary 

to expectations, there were no significant differences among conditions on lasting (meta-

)cognitive learning as assessed eight weeks after the lesson. The results demonstrate that 

combining generative activities enhances meaningful inquiry learning and highlights the need 

to further enhance generative activities to aid lasting learning. 
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Educational Impact and Implications Statement 

This classroom study demonstrates that teaching a fictitious peer and generating drawings can 

help secondary students better understand science concepts. By embedding these strategies into 

curriculum-aligned, inquiry-based authentic lessons, the study underscores their potential to 

make classroom learning more engaging and effective. These findings provide valuable insights 

for educators aiming to enhance learning outcomes through practical and scalable teaching 

methods. 

Keywords 

Generative learning, inquiry learning, non-interactive teaching, drawing, lasting learning 

3.1 Introduction 

Scientific literacy is essential for academic success and students' participation in today's 

knowledge society (OECD, 2016). However, recent large-scale achievement studies (e.g., 

Mullis et al., 2020; OECD, 2023) have highlighted that students often demonstrate low levels 

of scientific literacy. Inquiry-based activities are regarded as fostering scientific literacy, since 

they require students to mimic the professional activities of researchers under supervised 

conditions (Pedaste et al., 2015). Despite the potential of inquiry-based activities, empirical 

research indicated that learning from inquiry often puts high (meta-)cognitive demands on 

students, which can preclude the envisioned benefits regarding lasting knowledge acquisition 

(Alfieri et al., 2011). Thus, students' learning often remains on a superficial level without 

students grasping the underlying concepts and principles (Goldwater & Schalk, 2016; 

Schneider et al., 2011). 

Based on generative learning theory (Fiorella, 2023b), it can be assumed that generative 

activities can help students actively make sense of the new information in inquiry-based 

settings, resulting in higher (meta-)cognitive learning outcomes (Chi & Wylie, 2014). For 
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instance, verbal activities, such as teaching the learning contents to a fictitious peer (cf. learning 

by non-interactive teaching, Lachner et al., 2022), may help elaborate and generalize the 

learning contents. Generating drawings, however, may be particularly effective to re-organize 

the contents (Ainsworth & Scheiter, 2021; Fiorella, 2023b; Fiorella & Mayer, 2016; Lachner et 

al., 2021; Rau, 2017). 

Whether combining verbal and visual activities aids learning from inquiry is yet an open 

question, as previous research has so far treated these activities in isolation (Ainsworth & 

Scheiter, 2021; Lachner et al., 2021) or only included self-contained expository learning 

materials in rather small-scale laboratory settings with university students as participants 

(Fiorella, 2023a; Fiorella & Kuhlmann, 2020). Additionally, prior research predominantly 

focused on immediate rather than lasting learning effects. Even when delayed tests were 

conducted, they were often limited to just one week later. However, lasting learning is crucial 

in education (OECD, 2016; T. Richter et al., 2022), making it essential to examine whether 

effects persist over longer periods of time. 

Against this background, we conducted a large-scale classroom experiment in inquiry-

based authentic physics lessons with secondary school students to investigate whether 

combining teaching and drawing can enhance students' (meta-)cognitive learning from inquiry. 

Moreover, we investigated whether potential improvements are due to the presence of a 

visualization or due to the act of generating a drawing oneself. In order to investigate whether 

combining non-interactive teaching and drawing results in lasting learning effects, we also 

administered a delayed posttest after eight weeks. 

3.1.1 Enhancing Conceptual Understanding in Science Education Through Inquiry 

Learning 

Supporting conceptual understanding that goes beyond the observable phenomena is a 

central focus in science education (Chi & Roscoe, 2002; de Jong et al., 2023; Schneider et al., 
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2011). Inquiry-based learning, in which students mimic professional research activities under 

supervised conditions, is regarded as helping students develop conceptual understanding of the 

phenomena under investigation (de Jong, 2019). Inquiry-based learning commonly comprises 

four inquiry phases, forming a self-contained inquiry cycle: orientation, conceptualization, 

investigation, and conclusion (Pedaste et al., 2015). For instance, first, students are introduced 

to a topic such as "the converging lens and its images" by giving them the opportunity to make 

a real-world observation of the phenomenon and are provided with prerequisite knowledge 

about the topic (orientation). Second, students are asked to generate hypotheses, in our example 

relating to the imaging process caused by a converging lens (conceptualization). Third, they 

conduct experimental trials to test their hypotheses (investigation). When conducting the 

experiments, the students collect data and document their experiments, for example, by filling 

in a table with their observed results. Fourth, the students form a data-based conclusion, 

compare their hypothesis with their final findings and discuss their results (conclusion, Pedaste 

et al., 2012, 2015).  

Despite the potential benefits of inquiry for conceptual learning, empirical research has 

indicated that inquiry often puts high (meta-)cognitive demands on students, which can 

constrain conceptual learning (Alfieri et al., 2011; Kant et al., 2017; Kirschner et al., 2006). 

Thus, inquiry learning often remains on a superficial level without sufficiently helping students 

to understand underlying concepts or principles (Goldwater & Schalk, 2016; Schneider et al., 

2011). For instance, Kant et al. (2017) examined inquiry-based tasks versus learning by video-

modeling examples with 107 seventh-grade students. Results showed that students who 

engaged in inquiry-based tasks answered fewer prompts during instruction correctly than 

students who watched a video-modeling example (ηp
2  = .18). Moreover, regarding monitoring 

accuracy, the authors showed that solving two inquiry-based tasks led to underconfidence, while 

watching two video-modeling examples resulted in accurate judgments. Additionally, students 
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who first solved an inquiry-based task before watching a video-modeling example showed 

lower learning outcomes than when learning in the reversed order (ηp
2  = .14). 

Meta-analyses have also consistently shown the challenging nature of inquiry-based 

learning, particularly for novices and for less guided inquiry-based tasks (Alfieri et al., 2011; 

Lazonder & Harmsen, 2016). Rather than demonizing inquiry-based learning, these findings 

suggest that students require additional assistance to make sense of the processes of inquiry-

based learning for meaningful conceptual understanding (Zacharia et al., 2015).  

3.2 Generative Activities to Foster Inquiry-Based Learning 

In line with Wittrock's generative model of learning (1989, 2010) and Fiorella's 

generative sense-making framework (2023b), incorporating generative activities in inquiry-

based learning environments can enhance students' ability to actively understand new learning 

contents. This process includes helping students make sense of their experimental findings and 

the relationships between the variables analyzed during the experiments (Zacharia et al., 2015). 

By selecting relevant information from the learning contents, organizing it in working memory, 

and integrating the newly generated knowledge with prior knowledge, students can construct 

meaningful mental representations. These representations may also be applied to different 

problem-solving contexts (Fiorella & Mayer, 2016; Wittrock, 1989). 

During their active engagement in generative activities, students may generate ideas that 

go beyond the given or observed information, which may result in elaboration and a 

constructive mode of learning (Chi & Wylie, 2014; Van Meter & Firetto, 2013). In addition to 

supporting cognitive processes, generative activities may also contribute to students' 

metacognitive processes, such as monitoring their current understanding, as externalizing one's 

knowledge allows students to reflect on what they know and what they do not know. Detecting 

potential gaps in their understanding could enable students to resolve potential comprehension 

problems, provided they are given the opportunity to address and repair these gaps, thereby 
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fostering more effective regulation of their learning process (Fiorella & Mayer, 2016; Roscoe, 

2014). Assisting accurate monitoring is particularly relevant because students tend to often 

overestimate their current understanding of a given topic, which could impair students' learning 

(Dunlosky & Rawson, 2012; Prinz et al., 2020a; Roscoe, 2014). By prompting students to 

engage in generative activities, such as teaching concepts to a fictitious peer or creating visual 

representations, these strategies may encourage them to critically evaluate their knowledge and 

become more aware of their learning (Ainsworth & Scheiter, 2021; Fiorella, 2023b; Fiorella & 

Mayer, 2016). This increased awareness can help mitigate overconfidence and improve the 

process and outcomes of learning. 

These cognitive and metacognitive generative processes could contribute to deeper 

cognitive engagement during inquiry—apart from physically interacting with experimental 

materials (de Jong, 2019; Mayer, 2004), possibly resulting in a rich and lasting conceptual 

understanding (Barnett & Ceci, 2002; Krajcik & Delen, 2017; Roscoe, 2014). Following 

Fiorella (2023b), teaching activities (e.g., non-interactive teaching) and visualizing activities 

(e.g., drawing) are two prominent generative activities. Each activity is regarded as having a 

unique and complementary cognitive affordance: Whereas asking students to teach may trigger 

them to generalize and elaborate the previously learned contents, visualizing may help to re-

organize and structure such contents (Fiorella, 2023b; Rau, 2017; Van Meter & Firetto, 2013). 

Thereby, it can be argued that visualizing may be a facilitator to enhance the quality of teaching 

(Cromley, 2020; Fiorella, 2023b; Fiorella & Jaeger, 2023; Fiorella & Kuhlmann, 2020). 

3.2.1 Learning by Non-Interactive Teaching 

Learning by non-interactive teaching is considered an effective verbal generative 

activity for enhancing students' learning (e.g., Fiorella & Mayer, 2014, 2016; Hoogerheide et 

al., 2014). During non-interactive teaching, students provide a verbal instructional explanation 

of the previously learned contents to a fictitious peer (Lachner et al., 2022). Non-interactive 
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teaching may trigger distinct cognitive and metacognitive processes, which in turn should yield 

better (meta-)cognitive learning outcomes (Fiorella, 2023b; Fiorella & Mayer, 2016; Jacob et 

al., 2020). The benefits of teaching may depend on the quality of the generated explanations, 

such as their completeness in addressing concepts (e.g., Jacob et al., 2020) or the number of 

elaborations provided (e.g., Fiorella & Kuhlmann, 2020). Additionally, from a psychological 

perspective (Lachner et al., 2022), non-interactive teaching requires students to tailor an 

instructional teaching to a fictitious peer which may increase students' motivation (e.g., 

interest), a factor shown to enhance learning (Hoogerheide, Visee, et al., 2019; Jacob et al., 

2021). 

Fiorella and Mayer (2013) investigated the effectiveness of non-interactive teaching 

through two experiments. University students studied materials either without the intention to 

teach the learning contents before taking a comprehension test (control group) or with the 

intention to teach. Among those expected to teach, some immediately took the comprehension 

test (preparation group), while others taught the learning contents to fictitious others (teaching 

group) before taking the test. Both teaching expectancy groups showed better immediate 

learning outcomes than the control group (teaching vs. control: d = 0.82; preparation vs. control: 

d = 0.59; experiment 1). However, only the actual teaching group showed better retention in a 

one-week-delayed posttest (teaching vs. control: d = 0.79; preparation vs. control: d = 0.24; 

experiment 2), indicating that the actual act of teaching was essential for students' lasting 

learning. 

In addition, a few studies showed that non-interactive teaching may also contribute to 

students' monitoring accuracy. For example, in an experiment by Fukaya (2013), university 

students studied the learning materials with the intention to teach and then either taught the 

contents (teaching condition) or accomplished a knowledge test (expect-to-teach condition). 

Students in the control condition read the texts with the intention to provide keywords. Before 

answering the posttest, students self-assessed their actual knowledge by rating how many points 
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they would achieve in the posttest (judgment of learning). Results showed a main effect of non-

interactive teaching on students' monitoring accuracy (η2 = .17; see Jacob et al., 2020; Lachner 

et al., 2020, 2021, for non-significant findings). Relatedly, several studies demonstrated that 

non-interactive teaching also has positive effects on student motivation (Hoogerheide, Visee, et 

al., 2019; Jacob et al., 2021). Apparently, non-interactive teaching increases task-specific 

motivational orientations, which contributes to increases in learning outcome.  

The benefits of non-interactive teaching were also reflected in a recent meta-analysis by 

Kobayashi (2024), who demonstrated a small yet significant effect of non-interactive teaching 

(g = 0.27), based on 39 experimental studies (see also Lachner et al., 2021, for similar evidence). 

A considerable number of these prior studies have incorporated non-interactive teaching as a 

retrieval activity (e.g., Fiorella & Mayer, 2013; Jacob et al., 2021), meaning that students did 

not have access to the study materials during non-interactive teaching. This closed-book 

approach (see Roelle, Endres, et al., 2023) inherently involves a retrieval effect, making it 

difficult to isolate the generative aspects of learning. However, this approach ensures that 

students rely on their own knowledge and understanding of the topic, rather than simply reading 

or copying from available materials. By contrast, an open-book approach allows students to 

consult materials during teaching, providing an opportunity to address knowledge gaps (e.g., 

Sibley et al., 2022; see also Hiller et al., 2020; Roelle, Endres, et al., 2023). While this method 

does not explicitly encourage retrieval, it supports self-regulated learning by enabling students 

to refine their understanding as they engage in teaching. However, it also carries the risk that 

students may rely excessively on the provided materials, potentially diminishing the generative 

learning processes. To date, one study has demonstrated that learning with an open-book 

approach can be more effective (Sibley et al., 2022). Nevertheless, the conditions under which 

open- or closed-book approaches are most beneficial remain unclear, warranting further 

investigation. 
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Moreover, most of the studies on non-interactive teaching were laboratory studies with self-

contained study material, making it difficult to gauge whether the finding may generalize to 

authentic classroom settings with high levels of problem-orientation, such as learning from 

inquiry. One exception is the study by Jacob et al. (2022). In this study, seventh graders first 

received direct instruction on the concepts of photosynthesis and then conducted a virtual 

experiment in which they investigated the effects of light intensity, temperature, and carbon 

dioxide level on oxygen flow. Afterwards, the students either taught a fictitious peer by 

generating a written or oral explanation, or they retrieved the information through an unguided 

open recall task. The authors found that particularly students with low levels of academic self-

concept profited from non-interactive teaching (b = 0.49). Overall, the findings demonstrate 

that non-interactive teaching has potential but might not be that effective on its own concerning 

learning from inquiry.  

3.2.2 Learning by Drawing 

Learning by drawing is a visualizing generative learning activity in which students 

generate external visual representations to communicate the learning material's physical and 

conceptual structure (Ainsworth & Scheiter, 2021; Fiorella, 2023b; Fiorella & Mayer, 2016; 

Wu & Rau, 2019). The key function of drawing lies in the meaningful organization of the 

learning contents (Fiorella, 2023b). Typically, the benefits of drawing are tied to the accuracy 

of drawings produced by students as an indicator of how well they elaborated on the contents 

(cf. prognostic drawing effect, Schwamborn et al., 2010; see also Scheiter et al., 2017). 

Although drawings can be used to simply re-represent what is being observed (e.g., sketching 

the set-up of an experiment in physics), many uses of drawing are constructive, whereby the 

visuospatial representation goes beyond the given information (Ainsworth & Scheiter, 2021). 

For example, in science education, Cooper et al. (2017) showed how model-based 

reasoning was improved when students were asked to draw what they observed in a chemistry 
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experiment (e.g., a fluid changing its color after adding a solvent) at a more abstract, conceptual 

level (e.g., referring to the particle model of matters). In the review by Fiorella and Zhang 

(2018), constructive drawing (compared to reading text or text-focused strategies) yielded 

medium (d = 0.40; comprehension) to large (d = 0.70; transfer) effect sizes (see also Cromley 

et al., 2020).  

Drawing has not only been shown to be effective in improving students' cognitive but 

also metacognitive processes, as it helps students recognize and possibly close knowledge gaps 

(Van Meter & Firetto, 2013). In a recent study, Fiorella and Jaeger (2023) explored how 

different instructional visual formats affect students' monitoring accuracy. University students 

studied biology texts either using the text alone, with provided visualizations, with generating 

their own visualizations, or with animations of generated visualizations by an instructor. The 

authors found that students who generated visualizations or received animations of instructor-

generated visualizations showed better monitoring accuracy than students who were either 

provided with visualizations or received no visualizations (d = 0.36, for teaching judgments).  

To date, little is known about whether drawing enhances learning due to its constructive 

nature, and the available evidence is mixed. Some findings indicate that self-generated drawings 

are more effective than provided visualizations (Mason et al., 2013), while others show no 

differences (Hall et al., 1997; Schmidgall et al., 2019; Schwamborn et al., 2011), or even 

indicate that provided visualizations lead to better learning outcomes (Fiorella, 2023a). Whether 

students benefit more from provided visualizations or generating their own drawings during 

learning remains an open question. 

For a comprehensive view on drawing, it is also worth noting that previous research has 

shown that drawing is not always an effective or appropriate learning strategy (Ainsworth & 

Scheiter, 2021; Brod, 2021; Fiorella & Zhang, 2018). Drawing can impose high cognitive 

demands on students, requiring them to select, organize, and transform information, such as 

from linear texts into visuospatial representations. Additionally, they must compare and refine 
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their drawings to align with the original information—a process that also depends on 

metacognitive monitoring and regulation (Ainsworth & Scheiter, 2021; Fiorella, 2023b; Mayer 

et al., 1995; Schwamborn et al., 2010; Van Meter & Garner, 2005). This may be particularly 

challenging for younger students, whose executive functions, such as working memory, 

attention, and cognitive control, are still developing (Brod, 2021; Diamond, 2013).  

Evidence for younger students is limited but shows that they often fail to benefit from 

drawing, even with instructional support (e.g., Rasco et al., 1975; Van Essen & Hamaker, 1990; 

Van Meter et al., 2006) in contrast to older students (e.g., Fiorella & Kuhlmann, 2020; Schmeck 

et al., 2014; for a comprehensive review, see Brod, 2021). Additionally, students with low self-

efficacy for drawing may struggle to participate actively in the task, reducing its potential 

benefits (Y. Wang & Zhang, 2024). Moreover, the time-intensive nature of drawing might limit 

its feasibility in time-constrained classroom environments (Schmidgall et al., 2019). 

3.2.3 Combining Non-Interactive Teaching and Drawing 

To increase generative processing in inquiry-based learning settings, combining non-

interactive teaching with drawing could enhance learning, which may hold true especially for 

visuo-spatial learning tasks such as experimenting in science. Combining these generative 

activities could support the meaningful integration of new information by promoting both 

generalization and re-organization processes, which should help learners move beyond the 

phenomenological level to develop a deeper conceptual understanding (Fiorella, 2023b). 

According to Fiorella's generative sense-making framework (2023b), drawing can serve to 

facilitate teaching and thereby may help students to generate higher quality explanations. 

Interestingly, most prior studies have addressed non-interactive teaching and drawing 

in an isolated manner (Ainsworth & Scheiter, 2021). To date, only Fiorella and Kuhlmann 

(2020) and Fiorella (2023a) examined the combination of teaching and drawing. In the 

experiment of Fiorella and Kuhlmann (2020), university students (N = 120) either taught the 
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contents (i.e., human respiratory system) to a fictitious peer, created drawings, drew and taught, 

or restudied the materials. The authors found a main effect of teaching in a one-week-delayed 

posttest. Moreover, students who drew and taught outperformed the drawing-only (d = 0.65), 

the teaching-only (d = 0.99), and the restudy condition (d = 1.46). In a follow-up experiment 

by Fiorella (2023a) following a 2 × 2 design, university students (N = 132) taught with 

generating words, taught and drew, taught with provided visualizations, or taught with provided 

words. Results indicated that teaching with provided visualizations or drawing was better than 

teaching with provided words or generating words in a transfer test (η2 = .04). Moreover, 

teaching with provided visualizations resulted in higher drawing test performance than teaching 

and drawing (η2 = .04). 

Overall, the aforementioned results suggest that the combined use of learning by non-

interactive teaching and drawing can potentially boost students' conceptual understanding. 

However, previous studies only investigated effects after a one-week-delay, leaving open 

whether such benefits persist over a longer period, which is crucial for examining how lasting 

learning can be achieved. Additionally, Fiorella and Kuhlmann (2020) did not focus on the 

different affordances of drawing, such as visualization and the act of drawing itself, and Fiorella 

(2023a) found only partial support that provided visualizations and drawing facilitate teaching. 

Moreover, whether the findings generalize to inquiry-based authentic settings in school is still 

an open question. These unresolved issues highlight the need for further research to more 

thoroughly investigate the immediate and lasting effects of combined non-interactive teaching 

and drawing and their applicability in real-world inquiry-based school environments, making 

this a key focus for the present study. 

3.3 The Present Study 

Based on the previous considerations, we conducted a classroom experiment with 

seventh and eighth-grade secondary school students, attending an inquiry-based authentic 
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physics unit on the topic of converging lenses (geometrical optics). We investigated whether 

combining students' non-interactive teaching to a fictitious peer and drawing during inquiry-

based learning enhances their cognitive (i.e., conceptual knowledge) and metacognitive (i.e., 

monitoring accuracy) learning, regarding both immediate and lasting learning after eight weeks. 

In addition, we tested whether such a potential combinatory effect is a result of the visualization 

of the learning contents or of the active generation of drawings (cf. Fiorella, 2023a; Schmidgall 

et al., 2019). Further, we explored whether task-specific motivational mechanisms underly a 

potential effect of combining students' non-interactive teaching and drawing and additionally 

analyzed students' explanation characteristics. We tested the following preregistered hypotheses 

(https://aspredicted.org/R35_NP8): 

3.3.1 Generation Hypothesis 

Following the generative learning theory (Fiorella, 2023b; Fiorella & Mayer, 2015; 

Wittrock, 1989, 2010), we hypothesized that students in the generative conditions (teaching-

only, teaching + visualization, teaching + drawing) outperform students in the restudy control 

group regarding their immediate and lasting a) conceptual knowledge (Fiorella & Mayer, 2013, 

2014; Hoogerheide, Visee, et al., 2019) and b) monitoring accuracy (Fukaya, 2013; Jacob et al., 

2020). 

3.3.2 Visualization Hypothesis 

Regarding the generative sense-making framework (Fiorella, 2023b), we hypothesized 

that students who teach the learning contents with an added visualization component (teaching 

+ visualization, teaching + drawing) outperform students in the teaching-only condition 

regarding their immediate and lasting a) conceptual knowledge (Cooper et al., 2017; Schmidgall 

et al., 2019) and b) monitoring accuracy (Fiorella & Jaeger, 2023). 
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3.3.3 Drawing Hypothesis 

Previous research demonstrated that student-generated drawings (Cooper et al., 2017; 

Fiorella & Kuhlmann, 2020) or provided visualizations (Ainsworth & Loizou, 2003; Cromley 

et al., 2010) can support students' meaningful learning. Based on these findings and the 

generative learning theory (Fiorella, 2023b), we hypothesized that students who teach and draw 

(teaching + drawing) outperform students who teach while having access to a provided 

visualization (teaching + visualization) regarding their immediate and lasting a) conceptual 

knowledge (Ainsworth & Loizou, 2003; Fiorella & Kuhlmann, 2020) and b) monitoring 

accuracy (Fiorella & Jaeger, 2023; Schleinschok et al., 2017). 

Following Fiorella's generative sense-making framework (2023b) and the findings of 

prior research (e.g., Fiorella, 2023a; Fiorella & Jaeger, 2023; Fiorella & Kuhlmann, 2020), we 

assumed that the (meta-)cognitive effects of our interventions are more pronounced in the eight-

week delayed conceptual knowledge test than in the immediate test. 

3.3.4 Further Explorative Analyses 

Prior research indicated that teaching increased students' task-specific motivation 

(Hoogerheide, Visee, et al., 2019; Jacob et al., 2021), and that the characteristics of students' 

explanations determine students' learning (Fiorella & Kuhlmann, 2020; Jacob et al., 2020; 

Lachner et al., 2018). We therefore explored whether students' task-specific motivation and the 

characteristics of students' explanations contributed to potential (meta-)cognitive effects. 

3.4 Method 

3.4.1 Participants and Design 

In total, thirty seventh and eighth grade classes from eleven secondary schools in south-

west Germany participated in the study (N = 720). We excluded data from participants who did 

not attend the main part of the study (n = 130), which took place on the second of three 

scheduled dates at the schools and included a topic-related teaching unit, the interventions, and 
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the immediate posttest. This resulted in a final sample size of N = 590 school students. Our 

actual sample size surpassed the required minimum of 206 students by large, which was 

determined through an a-priori power analysis with G*Power (f = 0.25, α = .05, 1-β = .90; 

ANCOVA). The larger sample size resulted from unexpectedly high interest in our study, as 11 

out of 13 schools agreed to participate due to recognized benefits for their students. 

Additionally, we received an unusually high return rate of consent forms from the students' 

legal guardians (over 90%). The increased sample size offers significant advantages by 

enhancing the reliability of our findings and enabling the detection of smaller effects, thus 

making a more substantial contribution to the field. The mean age of the participants was 12.79 

years (SD = 0.70), and 49.91% were female. The majority of the students had German as their 

first language (65.69%), 23.30% of the participants had a native language other than German, 

and 11.01% were bilingual with German.  

The classroom experiment was implemented in an authentic physics teaching context in 

school, included a pre-post- and eight-week-delayed test, and had a one-factorial between-

subjects design with four conditions. Students were randomly assigned to one of the four 

experimental conditions within each class. Students either taught the learning contents to a 

fictitious peer (teaching-only, n = 144), taught with a provided visualization (teaching + 

visualization, n = 142), taught in combination with drawing (teaching + drawing, n = 154), or 

restudied the learning contents (restudy, n = 150). Restudying was realized as a control 

condition because this learning activity is generally not regarded as promoting generative 

processing (Fiorella & Mayer, 2016). Students of all conditions had access to the learning 

materials during the learning activities (teaching-only, teaching + visualization, teaching + 

drawing, restudy). This open-book format was realized to avoid a "hidden" retrieval effect 

(Roelle, Endres, et al., 2023; Sibley et al., 2022). 
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3.4.2 The Teaching Unit 

The teaching unit was about the converging lens and its images (physics, geometrical 

optics) and was curriculum-aligned within physics education. It was taught across all 

participating classes by the first author, a certified physics teacher with 10 years of teaching 

experience, who also personally conducted all data collection. All learning materials 

(introduction, paper-based overview sheet, paper-based experimentation worksheet) were based 

on a previous study by Flegr et al. (2023) and were carefully adapted to the purpose of this 

study by the first author. 

3.4.2.1 Introduction to the Converging Lens 

The introduction to the converging lens and its basic functions included lenses in 

everyday life, possible linking the students to their previous knowledge by prompting them with 

questions such as "Where can you find lenses in your everyday life?", followed by a class 

discussion and joint examination of example images. Moreover, the introduction offered a 

definition of the converging lens and central terminology, an explanation and illustration of the 

path of light that refracts through a converging lens, and basic information on resulting formed 

images. Students received an overview sheet of the taught basic knowledge about the 

converging lens and its functions (see first worksheet at Flegr et al., 2023).  

3.4.2.2 Students' Experiments 

Students subsequently explored the effects of a partially covered converging lens 

(diameter of the lens) and the distance between object and converging lens on the resultant 

image of the object. For these experiments (Figure 5) students used an optical bench, an LED 

lamp with a "Perl-L"-aperture, a converging lens, and a white screen. The light source creates 

a bright 'L'-shaped object, which can be positioned closer or farther away from the converging 

lens. The light from the object ('L') is refracted through the converging lens and forms an image 
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on a moveable screen on the other side of the lens ('L' is now swapped left-right and top-

bottom).  

An experimentation worksheet guided the students during the experiments, including 

hypothesis formulations (e.g., "What do you suppose happens to the image of the object when 

the lens is partially covered?"), multiple-choice questions (e.g., "Is the complete 'L' still imaged 

when the lens is half covered? Yes, there is no difference. / Yes, but the 'L' on the screen is not 

as bright as before. / No, the 'L' is cut off. / No, the 'L' is no longer visible"), an open-question 

("Can you explain why that is?"), a table for documenting the observation results (including 

object distance, image distance, and characteristics of the image), mnemonic sentences from 

which the correct word elements were to be selected (e.g., "If the lens is partly covered, an 

image of the complete object is still formed / is not formed on the screen"), and a hypotheses 

comparison with the final findings by the students (e.g., "Compare the mnemonic with your 

previously formulated hypothesis 1. Was your assumption different than the result? Yes, 

completely different. / A bit. / No, it was the same"). 

Figure 5 

Experimental Setup on the Converging Lens and its Images 
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3.4.3 Learning Activity 

During the learning activity, students either taught the learning contents to a fictitious 

peer (teaching-only), taught with a provided visualization (teaching + visualization), taught and 

drew a visualization (teaching + drawing), or restudied the contents. Students in the generative 

conditions (teaching-only, teaching + visualization, teaching + drawing) received the following 

written instruction: 

In a message, the student Mia wrote to you two assumptions about the converging lens 

and its images. Reply to Mia by creating a clear and detailed voice message to Mia so that she 

can understand the contents without any additional information. Respond to Mia's 

assumptions. You are allowed to use the materials of the topic, but it is very important that you 

DO NOT read from them when recording the voice message but formulate it in your own words 

and incorporate your own thoughts3. You have a total of 15 minutes to complete this task. Be 

sure to use all the time. 

In the teaching-only condition, students were presented with a mock-up chat with the 

fictitious peer Mia (Figure 6, left side). In this chat, Mia expressed two assumptions: first, "I 

actually believe: When the lens is covered half, only half of the L is shown as an image.", and 

second, "I actually believe: When I move the object towards the lens, I also have to move the 

screen closer to the lens in order to see a sharp image on the screen." These assumptions address 

two core misconceptions that students have when learning about image formation by a 

converging lens (see Wörner et al., 2022). Students had to teach the learning contents to Mia 

by recording a voice message. 

The mock-up messenger was also presented to the students in the teaching + 

visualization condition including Mia's two assumptions supplemented with two physically 

3 During the coding process, we checked students' adherence to these instructions and found no evidence that 

students read from or copied the materials while teaching or drawing. 



STUDY 1: COMBINING NON-INTERACTIVE TEACHING AND DRAWING 47 

correct visualizations of the learning contents and Mia's request to teach the topic to her with 

the help of the visualizations (Figure 6, middle). 

Students of the teaching + drawing condition also received Mia's message and had to 

teach the learning contents to her by recording a voice message. Moreover, students were 

instructed to draw using two template pictures during teaching as a means to explain the 

contents to Mia (Figure 6, right side).  

To ensure that students in the control group focused on the same contents, we supplied 

them with detailed instructions that also addressed both misconceptions: 

Restudy the contents of today's physics lessons. To do this, use today's physics 

materials: You have received an overview sheet on the basics about the converging lens and its 

images and you have the instructions and results of the experiments. Use these materials for 

restudying. Focus on the following two points: What happens to the image if the lens is 

partially covered? What happens to the image if the distance between the object and the lens is 

changed? Take notes on this sheet. You may use the front and back of the sheet for this. You 

have a total of 15 minutes to complete this task. Be sure to use all the time. 
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Figure 6 

Mockup Messenger Chat for Generative Conditions 

Note. Mockup messenger chat with a profile picture and message from the fictitious peer Mia. Students in the teaching-only condition (left), the 

teaching + visualization condition (middle), and the teaching + drawing condition (right) could record a voice message. Translated from German.
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3.4.4 Measures 

Data collection was entirely paper based. As the study was part of a larger research 

project, we have refrained from reporting the entire set of variables and report only those of 

interest for the present study. A list of all variables is provided in Appendix A. 

3.4.4.1 Cognitive Learning Outcomes 

To measure students' prior, immediate, and lasting cognitive knowledge, we used the 

validated conceptual knowledge test ROC-CI by Wörner et al. (2022). The test comprises 15 

multiple-choice items that assess students' conceptual understanding of the functioning of a 

converging lens (e.g., "A luminous object is to be projected in focus onto a screen using a 

converging lens. Which answers correctly show how the image is created?") and included 

distractors which reflected common misconceptions (e.g., "The arrow travels as a whole to the 

lens, is flipped by the lens, and then travels to the screen", see Figure 7). If students selected 

the correct answer(s) for an item, they achieved two points, and for a partly correct answer one 

point (e.g., students selected only one of two correct answers; for more details see Wörner et 

al., 2022). In total, the students could score 30 points on the conceptual knowledge test. To 

minimize recognition effects, we presented the answers in the pre-, post-, and delayed test in a 

randomized order. Four independent raters coded 20 percent of all students' answers of the 

pretest. The interrater reliability was excellent (ICC2,1 = 0.99), therefore the remaining answers 

were split equally between the four raters. The conceptual knowledge test indicated a satisfying 

level of reliability (McDonald's ωt = 0.70). 
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Figure 7 

Exemplary Item From the ROC-CI Conceptual Knowledge Test About Converging Lenses 

Note. From Wörner et al. (2022). 

3.4.4.2 Metacognitive Learning Outcomes 

To evaluate how accurately students could assess their current level of understanding 

and make a metacognitive judgment, we measured their monitoring accuracy. To this end, we 

asked students to make prospective judgments about their expected performance on the pretest, 

the immediate posttest, and the delayed posttest: "In the following you will find 15 questions 

about the topic 'Imaging by converging lenses'. You can get two points per question. In total, 

you can score 30 points. How many points do you think you will score?" (Baars et al., 2017; 

Jacob et al., 2022; Prinz et al., 2018) on a scale from 0 to 30 points (see Jacob et al., 2020, 2022; 

Schleinschok et al., 2017, for a similar approach). We chose prospective rather than 

retrospective judgments to ensure that students' potential reflection processes on learning, 

triggered by the generative task, were captured without being influenced by students' experience 

with the immediate posttest (Fleming et al., 2016; see also Chua et al., 2009). This approach 
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was consistently applied to the pretest and delayed posttest. We operationalized students' 

monitoring accuracy for the pretest, immediate posttest, and delayed posttest in terms of 

absolute differences between students' estimated performance and their actual performance 

without negative values ( i.e., |XJudgment – XPerformance|; min. score 0 points, max. score 30 points; 

Gutierrez et al., 2016; Gutierrez de Blume et al., 2021; Händel et al., 2020; Schraw, 2009).  

3.4.4.3 Task-Specific Motivation 

As an indicator of students' task-specific motivational orientations, we measured 

students' task interest (two items, e.g., "The task has aroused my interest", Cronbach's α = 0.86; 

Jacob et al., 2021) and task enjoyment (two items, e.g., "I enjoyed doing the task", Cronbach's 

α = 0.84; Jacob et al., 2021) after the learning activity. For each scale, we used a four-point 

Likert scale from one "I completely disagree" to four "I completely agree". 

3.4.4.4 Additional Control Measures 

Students' Prerequisites. To further control for differences among the experimental 

conditions, we measured students’ interest in physics (four items; e.g., "I'm interested in what I 

learn in physics", McDonald's ωt = 0.86), physics work ethic (four items; e.g., "I'm paying 

attention in physics lessons", McDonald's ωt = 0.79), academic self-concept in physics (four 

items; e.g., "I even understand the most difficult tasks in physics lessons", McDonald's ωt = 

0.89), and ICT interest (four items; e.g., "I like using digital devices", McDonald's ωt = 0.71). 

For each scale, we used a four-point Likert scale from one "I completely disagree" to four "I 

completely agree". All scales were adapted from Mang et al. (2018, 2019), see also Flegr et al. 

(2023). 

Cognitive Load. After the teaching unit, students were instructed to rate their actively 

invested effort as an indicator of their active cognitive load (e.g., "I exerted myself for this 

task"; Klepsch & Seufert, 2021; see also Paas, 1992) and their passively experienced load as an 
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indicator of their passive cognitive load (e.g., "This task was strenuous"; Klepsch & Seufert, 

2021) on a Likert scale from one "not strenuous at all" to nine "very strenuous". 

Affect. We used two scales to assess students' arousal and mood ("How are you feeling 

at the moment?", Betella & Verschure, 2016) after the teaching unit on a Likert scale from one 

"sleepy/ bored" to nine "wide awake/ focused" (arousal) and from one "sad/ in a bad mood" to 

nine "happy/ in a good mood" (mood). 

Teaching Quality. To ensure a high level of implementation fidelity, we additionally 

assessed the teaching quality directly after the teaching unit through student evaluations. All 

students were asked to rate the teaching quality of the teaching unit including students’ 

cognitive activation (six items, e.g., "In today's physics lesson on converging lenses, we were 

working on tasks that I had to think about very thoroughly", McDonald's ωt = 0.72; adapted 

from Fauth et al., 2014), student disturbances (three items, e.g., "In today's physics lesson on 

converging lenses, students often disturbed the lesson", McDonald's ωt = 0.86; adapted from 

Baumert et al., 2012), teacher monitoring (five items, e.g., "Today's physics teacher made sure 

that we pay attention", McDonald’s ωt = 0.84; Baumert et al., 2012), and teacher support (four 

items, e.g., "Today's physics teacher was interested in the learning progress of each individual 

student", McDonald's ωt = 0.82; adapted from Mang et al., 2019). For each scale, we used a 

four-point Likert scale from one "I completely disagree" to four "I completely agree". 

3.4.5 Procedure 

The current study received approval by the Ethics Committee of the University of 

Tübingen and the Ministry of Education and Cultural Affairs of the State of Baden-

Württemberg. Participation in the study was voluntary and we only collected data from students 

who had provided written consent from their legal guardians to participate. The design and 

procedure of the study with four experimental conditions is depicted in Figure 8. 
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The first author of this study visited the schools about one week before the teaching unit 

to personally introduce the classes to the upcoming study. This visit also aimed to assess 

students' demographics and prerequisites, such as prior cognitive and metacognitive 

knowledge, through a pretest.  

A week later, the first author—who is both a researcher and a certified physics teacher 

with ten years of teaching experience (hereafter referred to as "physics teacher")—personally 

conducted the central part of the study in all classes, including instruction and data collection. 

The teaching unit started with an introduction to the converging lens, at which students received 

a corresponding overview sheet (lasting approximately 15 minutes). Afterwards, students 

conducted experiments guided by an experimentation worksheet (lasting approximately 30 

minutes). Communication between the students and the physics teacher proceeded in the 

manner of regular physics lessons in school; for example, students could ask the teacher for 

help if they did not understand a task. To ensure that students documented the results of the 

experiments correctly, the physics teacher briefly discussed these results with the students. 

After the teaching unit, students answered a questionnaire in which we assessed 

students' cognitive load, affect, and the teaching quality. Afterwards, students were randomly 

assigned to one of four experimental conditions (restudy, teaching-only, teaching + 

visualization, teaching + drawing) within each class. During the learning activity, students 

either taught the learning contents to a fictitious peer, taught with a provided visualization, 

taught and drew, or restudied the contents in the same amount of time (15 minutes). In this 

learning activity phase, each student was given an individual seat. The students in the restudy 

condition were in one room and students in the generative conditions (teaching-only, teaching 

+ visualization, teaching + drawing) in a second room. The students in the generative conditions

wore sound-proof ear protectors to avoid potential disturbances by other students. All students 

had their materials available during their task. The four conditions followed this open-book 

format to avoid a "hidden" retrieval-practice effect and to maintain consistency in retrieval 
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processes across all conditions (Roelle, Endres, et al., 2023; Sibley et al., 2022). That said, 

open-book teaching has been shown to be superior to closed-book teaching (Sibley et al., 2022). 

Finally, the students completed the immediate posttest. The students' regular physics 

teachers were privately instructed not to further address the topic of the converging lens and its 

images during the following approximately eight weeks. At the end of this period, the first 

author revisited the classes and conducted the delayed posttest with the students. 

Figure 8 

Design and Procedure of the Study 
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3.4.6 Analysis and Coding of Students' Explanations and Drawings 

The full analysis scheme for students' explanations and drawings is available at: 

https://doi.org/10.17605/OSF.IO/DQX3A. 

3.4.6.1 Characteristics of Students' Explanations 

Students in the generative conditions (i.e., teaching-only, teaching + visualization, 

teaching + drawing) taught the learning contents orally to their fictitious peer Mia. These 

explanations were transcribed, and based on prior research (e.g., Fiorella & Kuhlmann, 2020; 

Hoogerheide, Renkl, et al., 2019; Jacob et al., 2020, 2022), three indicators for underlying 

processes during teaching were coded: completeness, elaboration, and correctness. 

For completeness of the explanations, we coded students' mentioned concepts necessary 

to teach the learning contents. Students could receive five points for each of the two parts of 

the task (see Figure 6); thus, ten points in total (e.g., one point for "the image is swapped left-

right and top-bottom compared to the object"; self-generated coding scheme based on 

conceptual knowledge about the converging lens, Boshuizen & Schmidt, 1992; Wörner et al., 

2022). Three independent raters coded 20% of the explanations. Interrater reliabilities were 

good to excellent (first part of the task: ICC2,1 = 0.95, second part: ICC2,1 = 0.88), so the 

remaining explanations were split equally between the three raters. The completeness score was 

calculated by adding both task scores. 

We also counted the number of elaborations per explanation, including idea units such 

as analogies, examples, and own experiences (see also Fiorella & Kuhlmann, 2020; Jacob et 

al., 2020; Lachner et al., 2018). For example, the sentence "if I cover the lens ring-shaped, the 

image on the screen is also simply less bright than before" is an elaboration, as it was not 

mentioned during the learning phase. Again, three independent raters coded the number of 

elaborations for 20% of the explanations. Interrater reliabilities for both parts of the explanation 

task were excellent (first part: ICC2,1 = 0.90, second part: ICC2,1 = 0.94). Thus, the coding of 
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the remaining teachings was equally split between the three raters. The elaboration score was 

calculated by adding both task scores. 

As an indicator of the level of correctness, we looked at the percentage of correct idea 

units in the explanations (Hoogerheide, Renkl, et al., 2019). First, we counted the idea units in 

both parts of the teaching task; for instance, an idea unit was "the image is less bright than 

before". Second, we coded the number of correct idea units. Finally, we calculated the 

percentage of correct idea units. Three independent raters coded the percentage of correct idea 

units of 20% of the explanations. Interrater reliabilities for both parts of the teaching task were 

excellent (first part: ICC2,1 = 0.99, second part: ICC2,1 = 0.95). Thus, the coding of the remaining 

teachings was equally split between the three raters. The correctness score was calculated as a 

percentage based on the respective sum of the number of idea units and the number of correct 

idea units of the two parts of the task. 

3.4.6.2 Characteristics of Students' Drawings 

Students of the teaching + drawing condition produced drawings. Similar to the 

characteristics of students' explanations, three indicators of underlying processes during 

drawing were coded: completeness, elaboration, and correctness (see also Ainsworth & 

Scheiter, 2021; Fiorella & Kuhlmann, 2020; Schmidgall et al., 2019; Schwamborn et al., 2010). 

For completeness of the drawing, we coded the concepts reflected in the students' 

drawings necessary to visualize the learning contents. Students could receive five points for 

each of the two parts of the task (see Figure 6); thus 10 points in total (e.g., one point for drawing 

a complete image on the screen despite a half-covered lens; self-generated coding scheme based 

on conceptual knowledge about the converging lens, Boshuizen & Schmidt, 1992; Wörner et 

al., 2022). Two independent raters coded 20% of the drawings. As interrater reliabilities were 

excellent (first part: ICC2,1 = 0.97, second part: ICC2,1 = 1.00), one rater coded the remaining 

drawings. The completeness score was calculated by adding both task scores. 
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We also counted the number of elaborations per drawing, including idea units such as 

analogies, examples, and own experiences (see also Fiorella & Kuhlmann, 2020; Jacob et al., 

2020; Lachner et al., 2018). For example, the drawn light ray of a specific object point of the 

'L' through the converging lens to its image point is an elaboration, as it was not shown during 

the learning phase. Again, two independent raters coded the number of elaborations for 20% of 

the drawings. Interrater reliabilities for both parts of the drawing task were excellent (first part: 

ICC2,1 = 1.00, second part: ICC2,1 = 0.99). Thus, one rater coded the remaining drawings. The 

elaboration score was calculated by adding both task scores. 

As an indicator of the level of correctness, we looked at the percentage of correct 

knowledge in the drawings. First, we counted the idea units in both parts of the drawing task; 

for instance, an idea unit was the drawn upside-down image of the 'L'. Second, we coded the 

number of correct idea units. Finally, we calculated the percentage of correct idea units. Two 

independent raters coded the percent of correct thought elements for 20% of the drawings. 

Interrater reliabilities for both parts of the drawing task were excellent (first part: ICC2,1 = 0.98, 

second part: ICC2,1 = 0.97). Thus, one rater coded the remaining drawings. The correctness 

score was calculated as a percentage based on the respective sum of the number of idea units 

and the number of correct idea units of the two parts of the task. 

3.4.7 Data Analyses 

To test our preregistered hypotheses, we applied planned contrasts and controlled for 

students' prior (meta-)cognitive knowledge4. To account for the hierarchical structure of the data 

(students nested in classes nested in schools), we employed multilevel modeling and used 

cluster-robust standard errors. In the first contrast, we tested whether generation was more 

effective than restudy (i.e., restudy: -3; teaching-only: 1; teaching + visualization: 1; teaching 

 
4 Contrary to our preregistration, we used planned contrasts instead of ANCOVAs to more precisely test our 

hypotheses (Furr & Rosenthal, 2003; Rosenthal & Rosnow, 1985). 
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+ drawing: 1). In the second contrast, we tested whether the visualization conditions (i.e.,

teaching + visualization, teaching + drawing) were more beneficial than teaching-only (i.e., 

restudy: 0; teaching-only: -2; teaching + visualization: 1; teaching + drawing: 1). In the third 

contrast, we tested whether the teaching + drawing condition was better than the teaching + 

visualization condition (i.e., restudy: 0; teaching-only: 0; teaching + visualization: -1; teaching 

+ drawing: 1). Additionally, we conducted mediation analyses with the contrast-coded

experimental conditions as independent variable to test potential mediation effects of task-

specific motivation and the characteristics of students' explanations. 

Missing values naturally occur in the field study in schools across three time points. 

Therefore, in the preliminary and main analyses, we applied multiple imputations with 50 

imputed datasets and 50 iterations. 

3.4.8 Transparency and Openness 

We report how we determined our sample size, all data exclusions, all manipulations, 

and all measures in the study, and the study follows JARS (Appelbaum et al., 2018). All data, 

analysis code, and research materials are available at https://doi.org/10.17605/OSF.IO/DQX3A. 

Data were analyzed using R, version 4.4.1 (R Core Team, 2024). This study's hypotheses, 

design and its analysis were preregistered prospectively, before data were collected; see 

https://aspredicted.org/R35_NP8. 

3.5 Results 

We used Cohen's d, φ, and partial ηp
2  as effect size measures, qualifying values of d = 

.20, .50, .80, φ = .10, .30, .50, and ηp
2  = .01, .06, .14 as small, medium, and large effects (Cohen, 

2013). We applied an alpha level of α = .05.  

3.5.1 Preliminary Analysis 

Analyses of the imputed data indicated that the learning activity groups did not differ 

concerning gender, χ² (6, 590) = 5.27, p = .520, φ  = .09, and native language, χ² (6, 590) = 
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6.64, p = .369, φ = .11. A MANOVA showed no significant differences according to students' 

age, interest in physics, physics work ethic, academic self-concept in physics, ICT interest, prior 

cognitive knowledge, and prior metacognitive knowledge, F(6,590) = 1.03, p = .427, φ  = .21. 

A further MANOVA indicated that students' cognitive load, students' affect, and teaching 

quality regarding the teaching unit was comparable among groups, F(6,590) = 0.92, p = .645, 

φ  = .02. Additionally, graphical boxplot analyses did not reveal any outliers. Table 1 presents 

the means and standard deviations across the four conditions (i.e., restudy, teaching-only, 

teaching + visualization, teaching + drawing) on immediate and lasting (meta-)cognitive 

learning outcomes. Correlations between used variables are shown in Appendix B. 



60 STUDY 1: COMBINING NON-INTERACTIVE TEACHING AND DRAWING 

Table 1 

Means and Standard Deviations for all Measurements Across Experimental Conditions 

Variable Restudy Teaching-Only Teaching + 

Visualization 

Teaching + 

Drawing 

M SD M SD M SD M SD 

Students' prerequisites 

     Interest in physics (1-4) 2.69 0.66 2.64 0.67 2.74 0.61 2.74 0.68 

     Physics work ethic (1-4) 2.90 0.53 2.91 0.64 2.99 0.53 3.00 0.54 

     Academic self-concept in physics (1-4) 2.64 0.66 2.70 0.73 2.83 0.67 2.83 0.68 

     ICT interest (1-4) 3.14 0.55 3.13 0.51 3.13 0.50 3.11 0.55 

Prior knowledge 

     Cognitive (0-30) 8.86 3.57 9.68 3.89 8.80 3.92 9.72 3.84 

     Metacognitivea (0-30) 8.61 5.51 8.37 5.38 8.28 5.50 8.41 5.42 

Perceived ratings regarding the teaching unit 

     Cognitive load 

     Active cognitive load (1-9) 5.88 2.01 5.99 2.16 5.99 1.70 5.95 2.02 

     Passive cognitive load (1-9) 3.67 1.98 3.19 1.85 3.63 1.69 3.43 1.78 

     Affect 

     Arousal (1-9) 4.63 2.13 4.58 2.32 4.60 2.20 4.95 2.24 

     Mood (1-9) 6.03 2.04 5.67 2.24 5.94 2.09 6.20 2.15 

     Teaching quality 

     Cognitive activation (1-4) 2.63 0.50 2.65 0.52 2.68 0.47 2.69 0.50 

     Disturbances (1-4) 2.02 0.70 1.90 0.78 2.06 0.75 1.96 0.74 

     Teacher monitoring (1-4) 2.92 0.60 2.92 0.62 2.95 0.53 2.97 0.63 

     Teacher support (1-4) 3.15 0.64 3.18 0.62 3.34 1.46 3.25 0.59 

Characteristics of students' explanations 

     Completeness (0-10 points) − − 4.83 2.59 4.90 2.66 4.60 2.64 

     Elaboration (each 1 point) − − 4.12 5.30 3.39 4.66 4.10 7.22 

     Correctness (percentage) − − 90.04 16.16 91.62 13.57 93.53 10.30 

Characteristics of students' drawings 
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Variable Restudy Teaching-Only Teaching + 

Visualization 

Teaching + 

Drawing 

M SD M SD M SD M SD 

     Completeness (0-10 points) − − − − − − 6.29 2.37 

     Elaboration (each 1 point) − − − − − − 2.59 2.83 

     Correctness (percentage) − − − − − − 87.51 13.97 

Perceived ratings regarding the learning activities 

     Task-specific motivation 

     Task interest (1-4) 2.16 0.92 2.58 0.88 2.53 0.86 2.80 0.82 

     Task enjoyment (1-4) 2.17 0.92 2.45 0.88 2.42 0.88 2.60 0.87 

Immediate learning outcomes 

     Cognitive (0-30) 15.68 5.41 16.60 5.33 16.64 4.95 18.20 4.86 

     Metacognitivea (0-30) 5.93 4.43 5.49 4.28 5.35 4.76 5.52 4.18 

Lasting learning outcomes 

     Cognitive (0-30) 13.27 5.05 13.29 5.24 14.02 4.74 14.24 5.41 

     Metacognitivea (0-30) 6.53 4.98 5.71 4.48 5.64 4.40 5.10 4.05 

Note. The data in this table are based on the raw data. 
aMetacognitive learning outcomes are measured by monitoring accuracy, defined by the absolute difference between students' predicted and actual 

performance without negative values. 
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3.5.2 Cognitive Learning Outcomes 

In line with the generation hypothesis (H1a), contrast analyses revealed that students 

who taught the learning contents to a fictitious peer (i.e., teaching-only, teaching + visualization, 

teaching + drawing) outperformed students who restudied the learning contents in the 

immediate posttest (β = 0.06, p = .008, small effect). To explore whether task-specific 

motivational mechanisms underlie this significant generation effect, as contrasted to restudying 

the learning contents, we conducted a mediation analysis. Learning activity was the predictor 

(generation contrast: -3 = restudy, 1 = teaching-only, 1 = teaching + visualization, 1 = teaching 

+ drawing), task interest and task enjoyment were the mediators, and students' immediate 

cognitive learning outcome was the dependent variable. Results indicated a significant indirect 

effect via task interest of a1 × b1 = 0.06, p = .012. Thus, students who taught reported higher 

interest in the learning activity which resulted in higher learning outcomes. Task enjoyment was 

not a significant mediator (see Figure 9 for the full mediation model). 

Consistent with our visualization hypothesis (H2a), the second contrast was also 

significant. Thus, adding a visualization component (teaching + visualization, teaching + 

drawing) led to higher learning outcomes than teaching-only in the immediate posttest (β = 

0.06, p = .045, small effect). The examination of the descriptive values for immediate cognitive 

learning outcomes (see Table 1) suggests that this visualization effect is primarily attributable 

to the teaching + drawing condition. These considerations made it especially important to 

examine whether teaching + drawing was more beneficial than teaching + visualization.  

In fact, and in line with our drawing hypothesis (H3a), teaching + drawing was more 

beneficial than teaching + visualization (β = 0.11, p = .037, small effect). We explored the 

mechanisms underlying this significant teaching and drawing effect, as contrasted to teaching 

with a provided visualization of the learning contents. Accordingly, we analyzed the 

correlations between task interest, identified as mediator of our generation contrast, the 

characteristics of students' explanations (completeness, elaboration, correctness), and 
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immediate cognitive learning outcome (see Appendix B). These explorative analyses suggest 

that students in the teaching + drawing condition showed higher immediate cognitive learning 

outcomes than students in the teaching + visualization condition, as the combination of teaching 

and drawing triggered higher task interest concerning the learning activity, which resulted in 

more complete explanations (indicated by the points of completeness). We explored this 

mediation assumption by conducting a serial mediation analysis (task interest → completeness). 

Learning activity was the predictor (drawing contrast: 0 = restudy, 0 = teaching-only, -1 = 

teaching + visualization, 1 = teaching + drawing), task interest and the points of completeness 

were the serial mediators, and students' immediate cognitive learning outcome was the 

dependent variable. Results indicated a significant indirect effect via task interest and 

completeness of a1 × d21 × b2 = 0.03, p = .029 (see Figure 10 for the full mediation model). 

Thus, students who taught and drew reported higher interest in the learning activity, which led 

to more complete explanations and resulted in higher learning outcomes. No other significant 

mediators were identified (for detailed results, see Table 3). 

Next, we analyzed potential differences between the conditions regarding students' 

lasting cognitive learning outcomes as assessed in the delayed posttest, conducted eight weeks 

after the intervention. The planned contrasts did not reveal any significant differences. 

Specifically, the comparison between the restudy control condition and the generative 

conditions (i.e., teaching-only, teaching + visualization, teaching + drawing) resulted in a non-

significant effect (β = 0.03, p = .198). Similarly, contrasting teaching-only with the visualization 

conditions (i.e., teaching + visualization, teaching + drawing) showed no significant differences 

(β = 0.06, p = .077). Finally, the comparison between teaching + visualization and teaching + 

drawing yielded no significant effect (β = -0.01, p = .892). These findings suggest that neither 

generative activities nor the inclusion of visualization or drawing contributed more to lasting 
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cognitive learning outcomes compared to the respective contrasted conditions (for more details, 

see Table 2). 

 

Figure 9 

Mediation Analysis in Terms of Task Interest and Task Enjoyment 

 

Note. *p < .050. Regression coefficients are standardized. 
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Table 2 

Summary of the Contrast Analyses on (Meta-) Cognitive Learning Outcomes 

Variable β SE t p 

Cognitive learning outcomes     

     Immediate     

     Generation contrasta 0.06 0.02 2.65 .008 

     Visualization contrastb 0.06 0.03 2.01 .045 

     Drawing contrastc 0.11 0.05 2.09 .037 

     Prior cognitive knowledge 0.32 0.04 7.70 <.001 

     Lasting     

     Generation contrasta 0.03 0.02 1.29 .198 

     Visualization contrastb 0.06 0.03 1.77 .077 

     Drawing contrastc -0.01 0.05 -0.14 .892 

     Prior cognitive knowledge 0.43 0.04 10.31 <.001 

Metacognitive learning outcomes     

     Immediate     

     Generation contrasta -0.03 0.02 -1.14 .255 

     Visualization contrastb 0.00 0.03 -0.12 .904 

     Drawing contrastc 0.02 0.06 0.30 .763 

     Prior metacognitive knowledge 0.04 0.05 0.76 .447 

     Lasting     

     Generation contrasta -0.05 0.03 -1.92 .056 

     Visualization contrastb -0.03 0.04 -0.93 .351 

     Drawing contrastc -0.06 0.06 -1.11 .269 

     Prior metacognitive knowledge 0.11 0.05 2.10 .036 

Note. Significant results are highlighted in bold letters; p < .050. 
a -3 = restudy, 1 = teaching-only, 1 = teaching + visualization, 1 = teaching + drawing. b 0 = 

restudy, -2 = teaching-only, 1 = teaching + visualization, 1 = teaching + drawing. c 0 = 

restudy, 0 = teaching-only, -1 = teaching + visualization, 1 = teaching + drawing. 
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Figure 10 

Serial Mediation Analysis in Terms of Task Interest and Completeness of Students' 

Explanations 

 

Note. *p < .050. Regression coefficients are standardized. 

  



STUDY 1: COMBINING NON-INTERACTIVE TEACHING AND DRAWING  67 

 

 
 

Table 3 

Summary of the Mediation Analyses With Task Interest and Characteristics of Students' 

Explanations Regarding Immediate Cognitive Learning Outcome 

Variable β SE t p 

Task interest as mediator     

     Effect of drawing contrasta on task interest (a) 0.30 0.11 2.78 .005 

     Effect of task interest on learning outcome (b) 0.17 0.06 2.99 .003 

     Direct effect (c') 0.25 0.11 2.27 .023 

     Indirect effect (a*b) 0.05 0.03 2.04 .042 

     Total effect (c) 0.30 0.11 2.74 .006 

Characteristics of students' explanations as mediator     

     Completeness     

     Effect of drawing contrasta on completeness (a) -0.10 0.12 -0.87 .387 

     Effect of completeness on learning outcome (b) 0.30 0.05 5.49 <.001 

     Direct effect (c') 0.33 0.10 3.17 .002 

     Indirect effect (a*b) -0.03 0.04 -0.86 .393 

     Total effect (c) 0.30 0.11 2.74 .006 

     Elaboration     

     Effect of drawing contrasta on elaboration (a) 0.12 0.12 0.97 .333 

     Effect of elaboration on learning outcome (b) 0.16 0.05 3.11 .002 

     Direct effect (c') 0.28 0.11 2.61 .009 

     Indirect effect (a*b) 0.02 0.02 0.92 .356 

     Total effect (c) 0.30 0.11 2.74 .006 

     Correctness     

     Effect of drawing contrasta on correctness (a) 0.14 0.10 1.31 .191 

     Effect of correctness on learning outcome (b) 0.27 0.06 4.22 <.001 

     Direct effect (c') 0.26 0.11 2.48 .013 

     Indirect effect (a*b) 0.04 0.03 1.25 .211 

     Total effect (c) 0.30 0.11 2.74 .006 

Note. Significant results are highlighted in bold letters; p < .050. 
a 0 = restudy, 0 = teaching-only, -1 = teaching + visualization, 1 = teaching + drawing. 
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3.5.3 Metacognitive Learning Outcomes 

For students' immediate monitoring accuracy, contrast analyses revealed no significant 

differences between the conditions. Specifically, no effect was found when comparing the 

restudy control condition with the generative conditions (i.e., teaching-only, teaching + 

visualization, teaching + drawing; β = -0.03, p = .255), which was contrary to our generation 

hypothesis (H1b). Similarly, and not in line with our visualization hypothesis (H2b) or our 

drawing hypothesis (H3b), no significant effect was observed for the comparison between 

teaching-only and the visualization conditions (i.e., teaching + visualization, teaching + 

drawing; β = 0.00, p = .904) or between teaching + visualization and teaching + drawing (β = 

0.02, p = .763). 

For lasting monitoring accuracy, the results similarly showed no significant differences. 

The comparison between the restudy control condition and the generative conditions (i.e., 

teaching-only, teaching + visualization, teaching + drawing) yielded a non-significant effect (β 

= -0.05, p = .056). Likewise, no significant differences were found between teaching-only and 

the visualization conditions (i.e., teaching + visualization, teaching + drawing; β = -0.03, p = 

.351) or between teaching + visualization and teaching + drawing (β = -0.06, p = .269). These 

findings indicate that neither generative activities nor the addition of visualization or drawing 

enhanced students' accuracy in their judgments of learning after an eight-week delay when 

compared to the students in the respective contrasted conditions (for more details, see Table 2). 

3.6 Discussion 

In this large-scale experimental classroom study with secondary school students, we 

aimed at investigating whether the combination of students' non-interactive teaching and 

drawing enhances their (meta-)cognitive learning within an authentic inquiry-based physics 

classroom environment regarding both immediate and lasting learning (after eight weeks). We 

also aimed at examining whether combining non-interactive teaching and drawing was more 
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effective due to the visualization of the learning contents or due to the active generation of 

drawings. Additionally, we explored students' task-specific motivation and characteristics of 

students' explanations as underlying mechanisms of a potential effect. 

For immediate cognitive learning outcomes, in line with our generation hypothesis 

(H1a), our results demonstrated that students who engaged in non-interactive teaching (i.e., 

teaching-only, teaching + visualization, teaching + drawing) outperformed students who 

restudied the contents. Our findings highlight that non-interactive teaching is an effective 

learning strategy to boost inquiry-based education in school. These results align with the limited 

existing evidence on non-interactive teaching among students in a school context, such as the 

study by Hoogerheide, Visee, et al. (2019). However, the authors (Hoogerheide, Visee, et al., 

2019) did not implement their study in authentic inquiry-based lessons, used self-contained 

expository learning materials, and focused on primary students. Moreover, their students 

engaged in generative learning at home rather than in class. In contrast, we demonstrated that 

the non-interactive teaching effect (Kobayashi, 2024; Lachner et al., 2021) not only replicates 

but also generalizes within authentic inquiry-based natural science lessons with secondary 

school students. 

Additionally, our explorative mediation analysis revealed that the generation effect was 

explained by increased task interest regarding the generative conditions (teaching-only, 

teaching + visualization, teaching + drawing) contrasted to the restudy control condition. 

Similar results can be found in prior research of non-interactive teaching that also demonstrated 

that the task interest may be a crucial factor for students' learning (Jacob et al., 2021). 

As expected, based on our visualization hypothesis (H2a), adding a visualization 

component (i.e., teaching + visualization, teaching + drawing) significantly enhanced the 

effectiveness of non-interactive teaching contrasted to teaching-only. This suggests that 

students' teaching with a visualization component helped them construct more meaningful 
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representations of the learning contents. Our results align with those of Fiorella (2023a), who 

demonstrated that students using visualizations (provided visualization, drawing) outperformed 

those using words (provided words, generating words) during non-interactive teaching. 

However, Fiorella's study (2023a) is the only one to have specifically investigated this effect, 

and its findings were limited to a transfer test. Additionally, the laboratory study relied on 

retrieval processes through a closed-book design, where teaching itself served as a retrieval 

activity. Our results extend this visualization effect to an authentic, inquiry-based learning 

context in school, underscoring its relevance in real-world educational contexts. Additionally, 

the descriptive analysis of immediate cognitive learning outcomes indicated that the observed 

visualization effect can largely be attributed to the teaching + drawing condition. This raises the 

question of whether teaching + drawing offers unique benefits over teaching + visualization 

alone. These findings make it particularly important to examine whether drawing as a 

generative learning strategy contributes more significantly to students' cognitive gains than 

simply providing visualizations during non-interactive teaching. 

In fact, and in line with our drawing hypothesis (H3a), students who taught and drew 

outperformed students who taught with a provided visualization. As opposed to Fiorella 

(2023a), our results highlight that students who taught and generated a drawing constructed 

more coherent mental representations and consequently higher learning outcomes contrary to 

teaching with a provided visualization of the learning contents. Therefore, the combination of 

teaching and drawing is effective not only due to its generative affordances, but rather due to 

the process of generating meaningful visuospatial representations of the learning contents 

through the act of drawing. These findings provide an important contribution to the field, as we 

were, to our knowledge, the first to systematically examine the relative effectiveness of different 

visualization formats during non-interactive teaching in an authentic inquiry-based learning 

context in school (Ainsworth & Scheiter, 2021; Fiorella & Zhang, 2018).  
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Explorative analyses of underlying mechanisms suggested that the effect of combining 

non-interactive teaching and drawing was explained by increased task interest and increased 

completeness of the generated explanations. Apparently, drawing additionally increased 

students' task interest and supported students in generating more complete explanations. These 

findings demonstrate both underlying cognitive and task-specific motivational processes. 

Moreover, drawing has been shown to facilitate teaching. The results of our present study are 

consistent with predictions from generative learning theory (Fiorella & Mayer, 2015, 2016) and 

cognitive-affective theory of learning with media (Moreno & Mayer, 2007). For instance, 

Pintrich (2003) presents the importance of students' motivational factors in facilitating 

cognition in his comprehensive review of motivational and emotional components related to 

classroom factors and school performance of students. Students' motivation is a key factor in 

getting students to initiate and maintain meaningful generative processes (Fiorella & Mayer, 

2016), thus resulting in increased cognitive engagement (Moreno & Mayer, 2007; Pintrich, 

2003). Thus, both cognitive but also motivational processes seem to be important underlying 

mechanisms of generative learning strategies and therefore should be considered and analyzed 

in future studies in more detail. 

Our findings on the effectiveness of combined non-interactive teaching and drawing as 

generative learning strategies invite reflection on why drawing might have been more 

successful in the present study compared to some previous research. Notably, our drawing 

activity was embedded into curriculum-aligned authentic lessons, framed by a story featuring 

the fictitious peer Mia, in which students used drawing as a means to explain concepts to Mia, 

and conducted in students' familiar school context. This likely increased its relevance and 

fostered engagement compared to prior studies (e.g., Fiorella, 2023a; Fiorella & Jaeger, 2023). 

Unlike Ploetzner and Fillisch's (2017) study, where students observed more abstract and 

complex dynamic system animations and then generated corresponding drawings, our design 
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incorporated hands-on experiments, possibly making it easier for students to represent the 

learning contents through drawing (see also McNeil & Uttal, 2009). Moreover, these hands-on 

activities likely enabled students to experience the meaning of the learning contents more 

directly and deeply, enhancing their conceptual understanding (for related evidence, see Sarama 

& Clements, 2009). Another important difference lies in the scaffolding provided during the 

drawing process. Unlike prior studies (e.g., with university students: Fiorella & Jaeger, 2023; 

with primary students: Van Essen & Hamaker, 1990), our study provided seventh and eighth-

grade students with template pictures to draw on. This scaffolding likely reduced cognitive load 

in this age group and enhanced the quality of the generated drawings (see also Ainsworth & 

Scheiter, 2021; Fiorella & Zhang, 2018). This aligns with Fiorella's generative sense-making 

framework (2023b), suggesting that the characteristics of the students and learning materials 

can influence the effectiveness of drawing activities. Importantly, we combined drawing with 

the verbal generative activity of non-interactive teaching, both of which students used to explain 

the learning contents to their fictitious peer, likely strengthening generative processes and 

contributing to the overall effectiveness of the drawing activity. This tailored combination of 

non-interactive teaching and drawing, curriculum alignment, authentic lessons, story framing, 

hands-on experiments, and template-based scaffolding may have been particularly effective in 

supporting secondary students' immediate learning by balancing cognitive demands with 

structured support. 

For immediate metacognitive learning outcomes, contrary to our hypotheses (H1b, H2b, 

H3b), none of the effects were significant. This contradicts prior research that showed beneficial 

effects of generative learning activities regarding students' monitoring accuracy (Fiorella & 

Jaeger, 2023; Fukaya, 2013). However, Fiorella and Jaeger (2023) distinguished between 

teaching and test monitoring judgments, which may have provided a clearer framework for 

students to evaluate their learning more accurately. This distinction could suggest that different 

types of monitoring judgments require targeted instructional strategies to be effective, which 
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might explain the differences in monitoring accuracy observed in their study compared to ours 

(see also Schraw, 1994). Furthermore, in Fukaya's study (2013), an experimenter gave students 

an example to make the instructions regarding the monitoring judgment clear, before students 

judged their expected performance on the test. Probably, our students would have benefited 

from more guidance through the generative processes, provided by additional instructional 

clarity through examples (Fukaya, 2013), an explanation of the importance of judgments of 

learning (Callender et al., 2016), structured feedback on performance (Callender et al., 2016) 

and monitoring accuracy (Morphew, 2021; H. Wang et al., 2023), or support for fostering 

students' self-regulation (Van Meter, 2001). Future research should address these issues 

systematically. Another possible explanation for the null findings regarding monitoring 

accuracy could be the age of the students. For secondary students, our generative activities may 

have been too demanding (Brod, 2021; Fiorella, 2023b), which could have led to difficulties in 

accurately assessing their own performance compared to university students (e.g., Fiorella & 

Jaeger, 2023; Fukaya, 2013). This challenge might be particularly pronounced when generative 

tasks are combined such as teaching and drawing, where younger students may struggle more 

with monitoring their learning (see also Brod, 2021; Van Essen & Hamaker, 1990; Van Meter, 

2001; Van Meter et al., 2006). Future research should investigate whether and how these 

challenges could be mitigated and monitoring accuracy improved among younger students, for 

instance by providing additional instructional support (Brod, 2021; Van Meter, 2001; Wu & 

Rau, 2019). 

Finally, we did not find evidence of lasting learning effects concerning (meta-)cognitive 

outcomes, which is contrary to our expectations based on generative learning theory. Generally, 

this theory suggests that students who engage in generative activities should construct 

elaborated and consolidated mental representations of the learning contents, leading to lasting 

learning (Fiorella, 2023b; Fiorella & Mayer, 2016). However, research demonstrating lasting 
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learning outcomes within non-interactive teaching environments remains scarce, as most prior 

studies have concentrated on immediate effects (exception with a one-week-delay, e.g., Fiorella 

& Mayer, 2013). Importantly, this highlights a broader gap in the literature: we know relatively 

little about the long-term effectiveness of generative learning strategies beyond relatively short-

term evaluations like a one-week delayed posttest. Unlike Fiorella and Mayer's (2013) findings 

on non-interactive teaching, which reported beneficial results after a one-week delay, our study 

did not reveal significant lasting learning after an eight-week period. This suggests that the 

effects of non-interactive teaching may only persist for a short time and may diminish over 

longer periods such as the eight weeks in our study. It is also possible that, due to the open-

book design of our study, retrieval processes potentially essential for lasting learning were not 

performed. Future research should track the development of knowledge after generative 

interventions more closely through multiple measurement points. Additionally, exploring 

strategies to bolster non-interactive teaching, such as incorporating consolidation techniques 

like retrieval practice (T. Richter et al., 2022; Roelle, Schweppe, Endres, Lachner, von 

Aufschnaiter, et al., 2022; Roelle, Endres, et al., 2023), may prove valuable in fostering lasting 

learning. To date, retrieval practice is the only approach that has been sufficiently tested and 

shown to produce lasting learning benefits over significant delays (see Rowland, 2014). 

Combining generative learning strategies with retrieval practice could further enhance lasting 

learning (see also Endres et al., 2024; Roelle, Schweppe, Endres, Lachner, von Aufschnaiter, et 

al., 2022; Roelle, Endres, et al., 2023). Future research could additionally compare closed-book 

teaching to retrieval practice (e.g., free recall) or to more guided forms of retrieval-based 

teaching, to clarify the conditions under which these approaches best support lasting learning 

outcomes. 
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3.6.1 Limitations and Future Directions 

To our knowledge, we were the first to investigate whether the combination of students' 

non-interactive teaching and drawing is effective in real-world physics lessons in school. 

However, it is important to note that we focused specifically on inquiry learning within the topic 

of "the converging lens and its images" and conducted our study with seventh and eighth-grade 

school students. Future research should examine whether and how our results can be extended 

to other (physics) topics and subjects in school. Additionally, given that previous research has 

demonstrated the significance of student age in generative learning activities (Brod, 2020), it 

would be valuable for future studies to investigate the effects across different age groups. 

While our study was conducted within the context of authentic lessons and aligned with 

the curriculum for physics education, it deviated in certain respects from typical classroom 

activities, which may have influenced the results. To ensure consistency and control, the entire 

teaching unit on the converging lens and its images, as well as the study-related components 

such as pre-, post-, and delayed tests, were implemented in all classes by the first author 

personally, who is both a researcher and an experienced physics teacher. However, this approach 

differs from regular teaching practices, where classroom teachers typically work with the same 

students over an extended period and are familiar, for example, with their individual learning 

needs and classroom dynamics. Such differences might have influenced the natural flow of 

classroom interactions. 

Additionally, the study's assessment components diverged from typical classroom 

performance evaluations. Specifically, the immediate, post-, and delayed tests were no-stakes, 

meaning they had no consequences for the students, which is common in educational research 

to measure learning outcomes without introducing the confounding effects of examination 

pressure (e.g., Hoogerheide, Visee, et al., 2019; Lachner et al., 2020). This approach contrasts 

with the standard school practice of primarily using assessments with consequences for the 
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students, such as grades or class standing. Prior research suggests that assessments with 

consequences for students can influence their motivation and performance (Finn, 2015; 

Mislevy, 1995; Pintrich & De Groot, 1990; Wolf & Smith, 1995). Although this factor was 

consistent across all three no-stake assessments in our study, it may have affected students' 

engagement and, consequently, the outcomes. 

Another key deviation was that regular physics teachers were explicitly instructed not 

to address the topic of the converging lens and its images during the eight weeks between the 

immediate and delayed posttest. While this procedure was critical in isolating the effects of the 

interventions, it does not reflect typical teaching practice, where topics are often revisited and 

reinforced periodically. Furthermore, it is unclear whether some students independently looked 

at the topic again, for instance at home, introducing a variable that was not controlled. 

Despite these deviations, the study design was necessary to systematically investigate 

the effects of non-interactive teaching under controlled conditions. Future research could 

explore ways to integrate such interventions more seamlessly into standard classroom routines, 

reducing deviations from typical teaching practices while maintaining methodological rigor. 

This could include closer collaboration with classroom teachers to implement interventions in 

a way that reflects authentic teaching and learning dynamics more closely. 

A further potential limitation of our study is the repeated use of the same conceptual 

knowledge test across the pretest, immediate posttest, and delayed posttest. Aside from the fact 

that prior research has shown that repeated testing can enhance learning and memory retention 

(Rowland, 2014; Yang et al., 2021), using the same test at all three time points may have also 

introduced recognition effects. We decided to use the same test across the three time points 

because it is the only validated conceptual knowledge test available in this specific domain of 

converging lenses (ROC-CI; Wörner et al., 2022), ensuring reliable and consistent measurement 

of students' learning outcomes across conditions. If we had added or modified items, the 

variance structure of the test would have changed, complicating the interpretation of results 
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across the three measurement points. To mitigate this risk, we randomized the order of the 

answer options in each test to reduce the likelihood that students relied solely on memory rather 

than genuinely recalling the concepts. Still, we cannot entirely rule out the possibility that 

students answered based on recognition processes rather than true conceptual recall. This 

limitation of using the same conceptual knowledge test three times may have impacted the 

ability of the test to accurately capture the actual learning effects after eight weeks, potentially 

contributing to the lack of a delayed effect. Furthermore, the repeated use of the same test items 

may have also influenced the metacognitive results. Although students were not explicitly 

informed that the same questions would reappear, it is possible that they anticipated this, which 

could have affected their prospective judgments of learning. As a result, the monitoring 

accuracy measurements might reflect an influence of familiarity with the test questions rather 

than solely students' actual knowledge or understanding. Although the repeated use of the same 

test may have influenced our (meta-)cognitive results in general, this limitation applied equally 

across all conditions, ensuring comparability. Future studies could address this issue by 

integrating measures that differ between the pretest, the immediate posttest, and the delayed 

posttest, or by employing alternative or equivalent test formats for repeated assessments. 

A further limitation of this study is the lack of an assessment of knowledge transfer, 

which has been considered an important outcome in related research. For instance, Jacob et al. 

(2020) demonstrated that teaching can promote transfer outcomes, even when no significant 

differences in conceptual understanding are observed. In our study, the focus was placed 

exclusively on conceptual knowledge, as this represented the primary objective of the teaching 

unit and the accompanying materials (see Flegr et al., 2023; Wörner et al., 2022). However, this 

specific focus constrains the extent to which our findings can inform the broader advantages 

associated with non-interactive teaching. To provide a more comprehensive understanding of 
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the effects of non-interactive teaching, future studies should examine transfer outcomes 

alongside conceptual knowledge. 

In this study, we investigated whether we find an overall effect of combining students' 

teaching and drawing in real inquiry-based physics classes. Although the answer to this 

overarching question is positive and absolutely essential for further designs of real learning 

environments in schools, the fit of the study phase and the generative learning activities to 

learner characteristics such as prior knowledge or cognitive abilities, and therefore also to the 

performance level of the students should be critically assessed. For example, the learning 

contents and materials for the generative learning activity should be appropriate to students' 

knowledge, not require knowledge which the students do not have yet, and not redundantly 

provide knowledge which students already know very well (Fiorella, 2023b; Kalyuga, 2014). 

Further research should address learners' individual differences regarding appropriate learning 

contents and materials. Furthermore, future studies should explore potential adaptive 

arrangements for implementing generative learning activities in classrooms with heterogeneous 

student populations. 

Another possible limitation is that the effect sizes of our study are relatively modest. 

This may be due to the fact that students only engaged in drawing and/or teaching once and for 

a relatively brief 15-minute period, which could also explain why the benefits of generative 

learning did not last across an 8-week period. Importantly, however, the way we implemented 

learning by non-interactive teaching is in line with almost every prior study, and relative to most 

prior non-interactive teaching research, this study already provided students with more time for 

generative learning (i.e., 15 minutes; Hoogerheide et al., 2016; Lachner et al., 2022). 

Furthermore, considering the brief intervention within a real-world school setting and the fact 

that small to medium effects are typical in this research area, as shown in previous meta-

analyses (e.g., Lachner et al., 2022; Ribosa & Duran, 2022), these effects are substantial. 

Building on these findings, we argue that our results highlight an important avenue for future 
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research, namely to investigate how the effectiveness of non-interactive teaching can be 

increased and made to last. One way to address this could involve systematically manipulating 

both the dosage of the generative activity and the retention interval. Such investigations might 

reveal that extending the delay beyond what was used in prior studies requires a corresponding 

increase in the time-on-task for generative learning activities. Another way might be to adjust 

the timing of the generative activity by ensuring that students can study again after teaching, 

which would allow them to remedy any knowledge gaps they detected during the teaching phase 

(cf. Lachner et al., 2020). Moreover, teaching multiple times rather than once—perhaps across 

multiple study sessions (cf., spacing effect; Carpenter et al., 2012a; Ebersbach et al., 2022)—

might boost students' metacognition and learning and possibly reduce how much students forget 

over time. 

While the effect sizes observed in our study are modest, they hold practical significance 

in real-world educational contexts. Scalable and cost-effective interventions, even with small 

effects, can have substantial cumulative impacts when implemented across larger populations 

(see Kraft, 2020). In our study, the curriculum-aligned implementation of non-interactive 

teaching and drawing within an inquiry-based authentic learning environment represents a 

practical and realistic approach to integrating generative learning strategies into everyday 

classroom practices. This alignment with existing educational structures not only enhances the 

feasibility of scaling but also underscores the potential for these interventions to contribute 

meaningfully to science education and, more broadly, to be extended to STEM education. 

To facilitate implementation, teachers could integrate non-interactive teaching and 

drawing activities at the end of inquiry phases to help students deepen their understanding of 

the learning contents. For example, teachers might focus on a small number of clearly defined 

learning objectives during their lessons and incorporate hands-on experiments or concrete 

materials. Afterward, they could provide a chat message to prompt students' verbal explanations 
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and drawings—for instance, as a homework assignment (Hoogerheide, Visee, et al., 2019). 

These activities require minimal technological resources and can be embedded in existing 

lesson structures. Future research should examine the further scalability and long-term 

feasibility of embedding generative activities like non-interactive teaching and drawing into 

everyday classroom practices. 

To support broader implementation, school leaders, teacher educators, or curriculum 

developers could advance uptake by incorporating non-interactive teaching and drawing 

activities into instructional and professional development or aligning them with inquiry-based 

science curricula. Moreover, educational policymakers could embed these strategies into 

relevant instructional design guidelines and curriculum frameworks. This would help ensure 

that generative activities become integrated components of a coherent instructional design, 

informing educational practice at scale. 

3.7 Conclusion 

Our findings demonstrate that combining learning by non-interactive teaching and 

drawing is a beneficial approach to supporting students' cognitive learning within an authentic 

inquiry-based physics classroom environment. Moreover, our findings suggest that the 

combination of students' teaching and drawing is not only effective because of its generative 

affordances but rather because of the process of generating meaningful visuospatial 

representations of the learning contents through the act of drawing. Due to differences in task 

interest between teaching and drawing versus teaching with a provided visualization of the 

learning contents, generating teachings and drawings may best promote students' motivation 

and cognitive learning. Future research should examine how to further enhance the benefits of 

generative activities to ensure these gains last over time. 
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4 Study 2: Does Distributing Non-Interactive Teaching Contribute to Learning? 

Students' Academic Self-Concept and Work Ethic Matter 

 

Abstract 

Explaining learning contents to a fictitious peer (i.e., non-interactive teaching) improves 

learning, yet this effect is modest, heterogeneous, and likely influenced by individual 

differences. We examined whether the effectiveness of non-interactive teaching could be 

increased by incorporating drawing or distributing teaching. We realized a 3 × 2 field 

experimental design (N = 317), crossing the factors learning activity (restudy, teaching-only, 

teaching + drawing) and timing (after the study phase or distributed three times throughout the 

study phase). Overall, teaching resulted in better immediate conceptual knowledge than 

restudying, mediated by the level of completeness. This teaching effect was most pronounced 

in the after-study condition. However, drawing did not enhance conceptual knowledge. Students 

who taught underestimated their immediate knowledge. No lasting effects were observed. 

Students with higher academic self-concept or work ethic benefited more from teaching, 

highlighting the moderating role of inter-individual differences for instructional interventions. 

Educational Relevance and Implications Statement 

This classroom study demonstrates that non-interactive teaching is an effective instructional 

method in secondary school physics education. The findings highlight the importance of 

considering students' individual differences, such as academic self-concept or work ethic, when 

designing such learning activities. These insights emphasize the need for adapted and 

differentiated approaches that can better account for individual differences, ensuring that non-

interactive teaching can be effective across diverse student populations. 

Keywords 

Generative learning, learning by teaching, drawing, academic self-concept, work ethic  
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4.1 Introduction 

Learning by teaching is widely recognized as an effective way to enhance learning 

(Fiorella & Mayer, 2016; Pi et al., 2021). Recently, it has been shown that teaching previously 

learned contents even to a fictitious non-present peer (cf. non-interactive teaching), is a 

powerful generative activity (Fiorella & Mayer, 2013; Hoogerheide et al., 2014; Lachner et al., 

2022). Non-interactive teaching may help students construct a meaningful mental 

representation of the learning contents, contributing to learning and metacomprehension 

(Fiorella, 2023b; Fiorella & Mayer, 2016; Wittrock, 1989). However, previous research 

indicated that the effectiveness of non-interactive teaching is relatively modest (Kobayashi, 

2024; Lachner et al., 2021) and that there is large heterogeneity among the findings 

(Hoogerheide, Visee, et al., 2019; Jacob et al., 2022). These findings suggest that the 

effectiveness of non-interactive teaching may depend on students' prerequisites (e.g., Jacob et 

al., 2022) and that optimizing its potential may require modifications, such as combining it with 

other strategies. 

To address these gaps, we conducted an authentic classroom experiment with secondary 

physics students in the context of inquiry learning to investigate whether the effectiveness of 

non-interactive teaching can be improved by 1) adding drawing as a visual-spatial generative 

activity to the act of verbal teaching (cf. drawing-facilitates-explaining hypothesis, Fiorella, 

2023b), and by 2) distributing the generative activity across the study phase, as a concurrent 

activity (Bisra et al., 2018; Cuddy & Jacoby, 1982; Lachner et al., 2020). Additionally, we 

explored whether inter-individual differences might be associated with the effectiveness of non-

interactive teaching.  

4.2 Learning by Non-Interactive Teaching 

An effective way to enhance student learning is to have them teach the previously 

learned contents to others, a method known as learning by teaching (Fiorella & Mayer, 2016; 
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Pi et al., 2021). Recently, researchers have begun to explore how learning by teaching can be 

effective even in non-interactive contexts. This so-called non-interactive teaching is a 

generative learning activity in which students are asked to generate an explanation to a fictitious 

peer of the previously learned contents (Lachner et al., 2022). Grounded in Wittrock's 

generative model of learning (1989, 2010), and related models such as the select-organize-

integrate (SOI) model of generative learning (Fiorella & Mayer, 2016), non-interactive teaching 

aims at fostering students' meaningful learning by triggering active knowledge construction 

processes (Brod, 2021; Fiorella, 2023b; Fiorella & Mayer, 2016). During teaching, students 

engage in generative processes which are regarded as enhancing learning and 

metacomprehension. First, students need to select the most relevant information of the learning 

contents. Second, they need to organize the information into a coherent order to be able to 

generate a comprehensible explanation. Third, the students need to integrate the new 

information with their prior knowledge to be able to provide further details and examples that 

go beyond the given materials to address their explanation to the audience's needs. Throughout 

this process, non-interactive teaching may trigger metacomprehension to monitor one's own 

understanding. Importantly, even the mere expectancy to teach—without actually teaching—

can contribute to students' learning by encouraging deeper processing and knowledge 

organization (Fiorella & Mayer, 2013, 2014; Guerrero & Wiley, 2021; Hoogerheide et al., 

2014). 

Several studies demonstrated beneficial effects of non-interactive teaching regarding 

students' learning and metacomprehension (Hoogerheide, Renkl, et al., 2019; Jacob et al., 2020; 

Lachner et al., 2021; Pi et al., 2021). Recent meta-analytical evidence showed small positive 

effects of non-interactive teaching regarding students' cognitive learning (Kobayashi, 2024: g 

= 0.27, small effect; Lachner et al., 2021: g = 0.22 for conceptual knowledge, g = 0.16 for 

transfer, both small effects; Ribosa & Duran, 2022: g = 0.17, small effect). Similarly, 

researchers found positive effects on metacomprehension (Fukaya, 2013; Jacob et al., 2020; 
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Lachner et al., 2020). Fukaya (2013), for instance, conducted an experiment in which university 

students were asked to read five texts with the intention to teach the contents afterwards. Then, 

students either taught the contents (teaching condition) or only planned to teach but did not 

generate an explanation (intention-only condition). The control group had the intention of 

writing keywords after reading the text and then actually wrote keywords. Results showed that 

students who taught demonstrated significantly better monitoring accuracy, meaning that they 

judged their knowledge in the test more accurately than those who only intended to teach or 

those who wrote keywords (main effect: η2 = 0.17, large effect). 

Notably, prior research predominantly took place in laboratory settings with university 

students with only immediate or short delay posttests (e.g., Fiorella & Mayer, 2013, 2014; 

Hoogerheide et al., 2014). Because laboratory settings might differ from authentic classrooms 

in terms of their study populations and contextual factors like more pronounced learner 

diversity, environmental distractions and social dynamics (e.g., Dinsmore & Alexander, 2012), 

it is unclear whether non-interactive teaching is also effective in authentic classrooms with 

school students (see also Sibley et al., 2024). Additionally, little is known about potential lasting 

learning effects of non-interactive teaching, as prior research predominantly focused on effects 

of teaching regarding students' immediate learning and not their lasting learning. 

4.2.1 Enhancing the Effectiveness of Non-Interactive Teaching 

Even though the potential benefits of non-interactive teaching have been documented 

by recent meta-analyses (Kobayashi, 2024; Lachner et al., 2021; Ribosa & Duran, 2022), their 

findings varied considerably among and even within studies. While some reported positive 

effects, others found null or even negative effects, indicating that non-interactive teaching is 

not necessarily effective. Recently, researchers have begun to explore two primary strategies 

for enhancing non-interactive teaching. First, they have combined non-interactive teaching with 

additional generative learning activities like drawing (e.g., Fiorella & Kuhlmann, 2020). 
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Second, they have investigated ways to improve the activity of non-interactive teaching (e.g., 

Lachner & Neuburg, 2019), such as optimizing the timing of the learning activities (i.e., 

distribution, see Lachner et al., 2020). 

4.2.1.1 Enhancing Non-Interactive Teaching With Drawing 

Drawing is regarded as a learning activity in which students are asked to draw the 

previously learned contents (Fiorella & Mayer, 2016). During drawing, students need to re-

organize the information to be able to generate visual-spatial representations, which often 

surpassed the initially provided information and therefore can enhance students' learning and 

metacomprehension (Ainsworth & Scheiter, 2021; Fiorella, 2023; Van Meter & Firetto, 2013). 

Regarding students' learning, Fiorella's and Zhang's (2018) demonstrated in their meta-analysis 

that students benefited more from drawing than from reading or text-focused strategies such as 

summarizing or paraphrasing (d = 0.46 for comprehension, small effect; d = 0 .70 for transfer, 

medium effect). Regarding students' metacomprehension, Fiorella and Jaeger (2023), for 

instance, showed that students who either created their own visualizations or used those 

generated by instructors exhibited better monitoring accuracy than those who studied with only 

text or provided visuals (for explain judgments: d = 0.36, small effect). 

According to the generative sense-making framework proposed by Fiorella (2023b), 

non-interactive teaching emphasizes generating coherent verbal explanations, which supports 

knowledge generalization. In contrast, drawing emphasizes creating an external visualization 

(Cox, 1999; Schmidgall et al., 2019; Van Meter & Firetto, 2013) that organizes information in 

a conceptually meaningful way. Non-interactive teaching and drawing place considerable 

demands on working memory when generating explanations and drawings, while drawing also 

enables students to offload and externalize their thoughts through visual representation, thereby 

possibly freeing up cognitive resources that students could invest in learning-relevant processes 

(Fiorella, 2023b; Fiorella & Mayer, 2016; Sweller et al., 2011). Fiorella (2023b) further 
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suggested that combining these approaches can be particularly effective: the visualizing 

function of drawing can scaffold and strengthen the verbal explanation process, providing an 

external structure that aids in explanation and promotes deeper cognitive and metacognitive 

engagement. 

To date, there is limited research regarding combining teaching and drawing. As an 

exception, Fiorella and Kuhlmann (2020) examined the influence of drawing and teaching with 

120 college students who either taught previously learned contents, created drawings, taught 

and drew, or restudied the contents. Results of a one-week delayed posttest showed that drawing 

enhanced students' learning compared to restudying (d = 1.06, large effect), which was also true 

for teaching-only (d = 0.80, medium effect) and for combined teaching and drawing compared 

to restudying (d = 1.46, large effect). Moreover, students who taught and drew outperformed 

students in the drawing-only (d = 0.65, medium effect) and teaching-only condition (d = 0.99, 

large effect). Whether these findings can be transferred into authentic classrooms settings with 

school students is, however, still an open question. 

4.2.1.2 Enhancing Non-Interactive Teaching Through Distribution 

The timing of teaching may also be critical for the effectiveness of non-interactive 

teaching. Inspired by approaches of interpolated testing (Pan et al., 2024), distributing a 

teaching activity within a study session can be more effective than a single teaching activity at 

the end of a study phase, since multiple generative activity phases may involve multiple chances 

of generation processes that may contribute to the (re-)construction of knowledge (Cuddy & 

Jacoby, 1982; for meta-analytical evidence, see Prinz et al., 2020b; for related evidence, see 

Carpenter et al., 2012b; Ebersbach et al., 2022). From a metacognitive perspective, distributed 

learning activities may additionally aid monitoring the learning process and subsequent 

regulation activities by providing students with multiple opportunities to evaluate their 

progress, compare their understanding across phases, and adjust their strategies. For example, 
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they can refine time management, prioritize contents, or address misunderstandings, which may 

improve their monitoring accuracy and learning regulation (Lachner et al., 2020; Schleinschok 

et al., 2017).  

When distributed teaching is effective, it typically involves distributing explanations 

across multiple learning episodes, allowing students to revisit and reconstruct their knowledge 

over time. Cuddy and Jacoby (1982, Exp.1) demonstrated this effect in an experiment in which 

18 university students learned word pairs, with the second word presented either intact or with 

missing letters (e.g., TREE: BR-CH), and recalled them after varying intervals. The authors 

manipulated the number of intervening tasks between repetitions, showing that recall 

performance improved when prior knowledge was less readily accessible due to a greater 

number of intervening tasks (F(2,34) = 5.65, p < .050). Specifically, recall was higher when 

four or eight unrelated items appeared between repetitions compared to immediate repetition, 

but this effect occurred only when students had to reconstruct the missing letters (main effect 

of repetition condition: F(1,17) = 16.28, p < .050; interaction distributing × repetition: F(2,34) 

= 64.71, p < .050). These findings suggest that distributing learning opportunities, combined 

with constructive learning processes, can facilitate deeper encoding and stronger memory 

retention. 

However, most of the previous research on teaching and drawing, as well as educational 

practice, asked students to only teach or draw once, namely at the end of a study phase (Lachner 

et al., 2020). Thus, little is known about the effect of distributing non-interactive teaching. So 

far, Lachner et al. (2020) have been the only researchers to systematically distribute the teaching 

activity within their study. In two experiments, the authors investigated whether distributing 

non-interactive teaching at one point of time during students' studying (i.e., distributed 

teaching) would support learning more than non-interactive teaching after the entire study phase 

(i.e., no distributed teaching). The findings showed that students who taught once during 

studying achieved higher conceptual knowledge scores in an immediate knowledge test than 
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those who taught once after the study phase (ηp
2  = .06, medium effect). The benefits of 

distributed teaching were explained by students' more frequent engagement in monitoring. 

Although this study provides first evidence that distributing non-interactive teaching 

matters, it is still unclear whether distributing non-interactive teaching in several phases is even 

more beneficial, whether the effects of distributed teaching are transferable to classrooms, and 

whether they also may result in lasting learning effects, since the authors did not apply a delayed 

posttest. 

4.2.2 Influence of Students' Individual Differences 

Against the backdrop of the mixed findings of non-interactive teaching, in their 

theoretical review, Lachner et al. (2022) advocated for a thorough examination of boundary 

conditions of non-interactive teaching, particularly regarding students' prerequisites. Snow's 

Aptitude-Treatment-Interaction (ATI) theory (1991) provides a framework for understanding 

how individual differences can influence the effectiveness of instructional strategies. According 

to the ATI theory (Snow, 1991), the success of an instructional method, such as non-interactive 

teaching, depends on the alignment between the instructional approach and students' individual 

aptitudes. Specifically, students' prerequisites—such as prior knowledge, motivational or 

personality factors—can determine how effectively they engage in and benefit from generative 

learning activities. These individual differences may affect students' ability to select, organize 

and integrate new information with existing knowledge—generative processes required for 

effective learning (Fiorella, 2023b; Fiorella & Mayer, 2016).  

For instance, prior knowledge is a crucial cognitive factor (Kalyuga, 2007; McNamara 

et al., 1996; J. Richter et al., 2018) that influences how students construct robust mental 

representations and efficiently integrate new information (Lachner et al., 2021; Mayer, 2009). 

The ability to form these connections is essential for meaningful learning (Fiorella, 2023b; 

Fiorella & Mayer, 2016). Students with limited prior knowledge may struggle to make these 
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connections (Renkl, 2014), often resulting in suboptimal learning outcomes (Roelle & Nückles, 

2019). In contrast, students with high prior knowledge may find generative learning strategies 

redundant, as they can manage learning more independently (Castro-Alonso et al., 2021). Thus, 

generative learning strategies, such as non-interactive teaching, may be particularly beneficial 

for students with lower prior knowledge, as they provide needed support (McNamara & Scott, 

1999). 

To date, only Hoogerheide, Renkl, et al. (2019) examined the influence of university 

students' prior knowledge regarding generative learning within non-interactive teaching 

settings. In their study, the researchers compared the performance of students engaged in 

teaching activities with those engaged in restudying, within the context of electrical 

troubleshooting tasks. Findings indicated that the teaching condition outperformed the restudy 

condition on both isomorphic (ηp
2  = 0.07, medium effect) and transfer problems (ηp

2  = 0.07, 

medium effect) in posttest performance. Regarding transfer, students with lower prior 

knowledge particularly benefited from teaching, while the teaching condition eliminated the 

positive relationship between prior knowledge and transfer performance observed in the restudy 

condition (β = 0.56, medium effect in the restudy control group). 

Relatedly, prior research has highlighted academic self-concept as a fundamental 

prerequisite for learning. Academic self-concept describes how students perceive and evaluate 

their own competency within a particular academic field (Marsh et al., 2017; Shavelson et al., 

1976). It is influenced by various factors, including experiences, feedback from teachers, and 

social comparisons. These comparisons are crucial in shaping students' beliefs about their 

academic competence, as they continuously assess their performance relative to that of their 

classmates or peers within the learning context (Marsh et al., 2008). Although academic self-

concept has been shown to be positively correlated with learning outcomes (Möller et al., 2020; 

Valentine et al., 2004), its role in non-interactive teaching contexts remains underexplored. 

Given that academic self-concept influences how students approach and engage with learning 
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tasks (Urhahne & Wijnia, 2023), understanding its interaction with instructional strategies like 

learning by teaching is critical. As an exception, Jacob et al. (2022) examined non-interactive 

teaching with seventh-grade school students who either taught the learning contents to a 

fictitious peer or were engaged in a retrieval practice. Results showed no effects among 

conditions. Interestingly, explorative analyses revealed that students with low academic self-

concept benefited from teaching, possibly because they gained more from structured, generative 

activities like teaching. In contrast, students with high academic self-concept appeared to 

benefit more from retrieval practice, as they likely did not require additional scaffolding or 

structured learning activities to achieve optimal learning outcomes (interaction effect: β = 0.49, 

medium effect). 

In addition to cognitive (i.e., prior knowledge) and motivational (i.e., academic self-

concept) influencing factors, research also highlighted students' conscientiousness as a crucial 

individual pre-requisite for learning (Komarraju et al., 2009; Poropat, 2009; Richardson et al., 

2012; Waldeyer et al., 2022; H. Wang et al., 2023). Conscientiousness includes self-control, 

responsibility, diligence, goal-directed behavior, effective planning, orderliness, delay 

gratification, and adherence to rules and norms (De Fruyt et al., 2008; John et al., 2008; John 

& Srivastava, 1999; McCrae & John, 1992; Roberts et al., 2014). There is ongoing debate about 

whether conscientiousness functions as a general trait or has domain-specific expressions 

(Mammadov, 2022; Meyer et al., 2023). Conscientiousness can also be operationalized in 

different ways, one of which is work ethic as a facet of this trait (Roberts et al., 2014; see also 

De Fruyt et al., 2008; Mang et al., 2018). Work ethic refers to the propensity for persistence, 

diligence, and hard work in goal-oriented tasks (Roberts et al., 2014). A strong work ethic could 

positively influence students' engagement in generative learning activities, as it may affect how 

thoroughly, precisely, and consistently students approach these tasks. According to the 

generative sense-making framework (Fiorella, 2023b), these behaviors can facilitate generative 

processes, for instance, students with higher levels of work ethic may be more likely to invest 
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effort in thoroughly understanding new material and connecting it with prior knowledge. These 

qualities are particularly important in non-interactive teaching contexts, where students must 

independently regulate their learning behaviors. Therefore, a strong work ethic may enhance 

the effectiveness of generative learning strategies and contribute to improved learning outcomes 

and metacomprehension (e.g., Song et al., 2020 for related empirical evidence; Spielmann et 

al., 2022 for a comprehensive review). However, to our knowledge, no one has taken students' 

work ethic into account when analyzing non-interactive teaching. 

4.3 The Present Study 

In this study, we combined non-interactive teaching with drawing and varied its 

interpolation (after-study activity versus distributed throughout the study phase). Additionally, 

we explored students' individual differences (i.e., prior knowledge, academic self-concept, 

work ethic) as crucial moderating factors of non-interactive teaching. We tested the following 

preregistered hypotheses (https://aspredicted.org/RM1_1TF):  

4.3.1 Generation Hypothesis (H1) 

Based on the generative learning theory (Fiorella, 2023b; Fiorella & Mayer, 2016; 

Wittrock, 1989, 2010), we hypothesized that students who engage in non-interactive teaching 

(teaching-only, teaching + drawing) show better performance than students who restudy the 

learning contents (restudy control group) regarding their a) conceptual knowledge (Fiorella & 

Mayer, 2013, 2014; Hoogerheide, Visee, et al., 2019) and b) monitoring accuracy (Fukaya, 

2013; Jacob et al., 2020). Additionally, we explored whether the effects also resulted in lasting 

learning (delayed test after eight weeks). 

4.3.2 Drawing Hypothesis (H2) 

Previous studies highlighted the benefit of learner-generated visualizations (Cooper et 

al., 2017) and combining teaching and drawing for knowledge enhancement (Fiorella, 2023; 

Fiorella & Kuhlmann, 2020). Accordingly, we hypothesized that students who teach and draw 

https://aspredicted.org/RM1_1TF
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(teaching + drawing) outperform students who only teach the new contents (teaching-only) 

regarding their a) conceptual knowledge and b) monitoring accuracy. Additionally, we explored 

whether the effects also resulted in lasting learning (delayed test after eight weeks). 

4.3.3 Distribution Hypothesis (H3) 

Previous research showed that distributed learning activities can be more effective than 

learning activities after a study phase (Lachner et al., 2020). Therefore, we hypothesized that 

students in the distributed conditions would outperform students in the after-study conditions 

regarding their a) conceptual knowledge, and b) monitoring accuracy. Additionally, we explored 

whether the effects also resulted in lasting learning (delayed test after eight weeks). 

Furthermore, we explored potential interaction effects between the learning activity (i.e., 

restudy, teaching-only, teaching + drawing) and the timing factor (i.e., after-study, distributing). 

4.3.4 Explorative Analyses on Students' Individual Differences  

Following Lachner et al. (2022), we closely inspected students' individual differences, 

as they could critically influence their learning and metacomprehension (Hoogerheide, Renkl, 

et al., 2019; Jacob et al., 2022; Song et al., 2020). To replicate previous findings, we included 

students' prior knowledge (Hoogerheide, Renkl, et al., 2019) and academic self-concept (Jacob 

et al., 2022). As an extension, we included students' work ethic as a facet of conscientiousness, 

given its crucial role as a predictor of learning as evidenced by related research (Bareis et al., 

2024; Song et al., 2020; Spielmann et al., 2022). 

4.4 Method 

4.4.1 Participants and Design 

In total, 345 school students in the seventh and eighth grade from four secondary schools 

in south-west Germany participated in our study. As some school students (n = 28) only attended 

the pretest or the delayed test but were absent in the main part of the study (i.e., teaching unit), 

we excluded these data sets from the subsequent analyses, resulting in a total sample size of N 
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= 317 (for more details see Appendix A). This sample size exceeded the required sample size 

of 206 students, computed via an a-priori power analysis using G*Power (f = 0.25, α = 0.05, 1 

– β = 0.90, ANCOVA with one covariate—prior conceptual knowledge or prior monitoring 

accuracy).5 

The mean age of the final sample was 12.37 years (SD = 0.70) and 49.50% were female. 

Most of the students (60.47%) stated that German was their native language, 14.29% grew up 

bilingual with German, and 25.25% had another native language. The students showed 

relatively low prior cognitive knowledge (M = 7.80, SD = 3.6; max. 30 points), and moderately 

high levels of academic self-concept (M = 2.75, SD = 0.56) and work ethic (M = 2.96, SD = 

0.50) in physics, as measured on Likert scales from one to four. 

To test our hypotheses, we applied a 3 × 2 design with learning activity (restudy, 

teaching-only, teaching + drawing) and timing (after-study, distributed) as between-subject 

factors. Thus, students were either engaged in the learning activity only once, namely after the 

study phase (after-study: restudy: n = 53, teaching-only: n = 52, teaching + drawing: n = 53) or 

several times during the study phase (distributed: restudy: n = 48, teaching-only: n = 56, 

teaching + drawing: n = 55). The learning tasks were realized as open-book activities, allowing 

students access to the learning material. We implemented restudy as control condition, since 

restudy induces generative processes to a less pronounced extent (Fiorella & Mayer, 2016). 

4.4.2 The Teaching Unit 

The curriculum-aligned teaching unit in physics was about the converging lens and its 

images (geometrical optics), a standard topic for this age group. The teaching unit was taught 

by a certified physics teacher with 10 years of teaching experience (first author) who was also 

 
5 We based our power analysis on ANCOVA rather than planned contrasts to adopt a more conservative 

approach. As our analyses used multilevel modeling, power considerations should be interpreted with caution. 
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the researcher at the schools. All instructional resources used (i.e., introduction, overview sheet, 

experimentation worksheet) were based on Flegr et al. (2023). 

4.4.2.1 Introduction to the Converging Lens 

The introduction to the converging lens and its basic functions was delivered through a 

teacher-led presentation using visual slides. The presentation covered the use of lenses in daily 

life, prompting students to connect with their prior knowledge through questions such as 

"Where can you find lenses in your everyday life?", followed by a class discussion and 

examination of visual examples. Additionally, the introduction also provided a definition of 

converging lenses, key terms, and an explanation with an illustration of light refraction through 

a converging lens, along with basic details on the images formed by these lenses. An additional 

overview sheet outlined the fundamental concepts and functions of converging lenses (see first 

worksheet by Flegr et al., 2023).  

4.4.2.2 Students' Experiments 

After the introduction, students examined how covering parts of a converging lens 

(affecting its diameter) and altering the distance between the object and the lens influenced the 

resulting image. During these experiments, students utilized an optical bench, an LED lamp 

with a "Perl-L" aperture, a converging lens, and a white screen. The light source gives a lighting 

"L"-shaped object, which could be moved closer to or further from the lens. The light from the 

"L"-shaped object refracts through the lens and forms an inverted image on a movable screen 

located opposite the lens (Figure 11).  

A worksheet prompted the students to formulate hypotheses (e.g., "What do you think 

happens to the image of the object when the lens is partially covered?"), answer multiple-choice 

questions (e.g., "Is the complete 'L' still imaged when the lens is half covered? Yes, there is no 

difference. / Yes, but the 'L' on the screen is not as bright as before. / No, the 'L' is cut off. / No, 

the 'L' is no longer visible"), and answer an open-ended question ("Can you explain why that 
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is?"). It also included a table for documenting observations (object distance, image distance, 

image characteristics), an exercise to select correct word elements (e.g., "If the lens is partly 

covered, an image of the complete object is still formed / is not formed on the screen"), and a 

section for comparing initial hypotheses with actual results (e.g., "Compare the mnemonic with 

your previously formulated hypothesis 1. Was your assumption different than the result? Yes, 

completely different. / A bit. / No, it was the same"). 

 

Figure 11 

Students' Experimental Setup on the Converging Lens and its Images 

 

 

4.4.3 Learning Activity 

During the learning activity, students were asked to either teach the contents to a 

fictitious peer, to teach and draw a picture, or to restudy the contents. We focused on two main 

learning objectives of the study (covering parts of a converging lens and altering the distance 

between the object and the lens) which we addressed in the instructions. Students in the teaching 

conditions (teaching-only, teaching + drawing) were given the following instruction: 
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In a message, the student Mia wrote to you two assumptions about the converging lens 

and its images. Reply to Mia by creating a clear and detailed voice message to Mia so that she 

can understand the contents without any additional information. Respond to Mia's 

assumptions. You are allowed to use the materials of the topic, but it is very important that you 

DO NOT read from them when recording the voice message but formulate it in your own words 

and incorporate your own thoughts6. You have a total of 15 min to complete this task. Be sure 

to use all the time. 

Students in the teaching-only condition then saw a mock-up chat on a tablet device with 

the fictitious peer Mia (see Figure 12, left side) in which Mia stated two assumptions ("I actually 

believe: When the lens is covered half, only half of the L is shown as an image."; "I actually 

believe: When I move the object towards the lens, I also have to move the screen closer to the 

lens in order to see a sharp image on the screen"), addressing common misconceptions about 

image formation with converging lenses (see Wörner et al., 2022). Students could teach Mia 

the contents by sending her a voice message. 

Students in the teaching + drawing condition received the same text from Mia on a tablet 

device and could also teach by sending a voice message. In addition, they were provided with 

two template pictures in which they could draw during teaching (see Figure 12, right side).  

To guarantee that students in the control group were provided with the same contents, 

we presented them with the following detailed instruction, in which also both main 

misconceptions were addressed: 

Restudy the contents of today's physics lessons. To do this, use today's physics 

materials: You have received an overview sheet on the basics about the converging lens and its 

images and you have the instructions and results of the experiments. Use the materials for 

 
6 Note that we checked students' adherence to these instructions and found no indications that students read 

directly from the materials instead of using their own words. Regarding students' drawings, no visualizations 

were provided that they could directly replicate. 
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restudying. Focus on the following two points: What happens to the image if the lens is 

partially covered? What happens to the image if the distance between the object and the lens is 

changed? Take notes on this sheet. You may use the front and back of the sheet for this. You 

have a total of 15 min to complete this task. Be sure to use all the time. 

 

Figure 12 

Mock-up Messenger Chat for the Generative Conditions (Teaching-Only, Teaching + Drawing) 

 

Note. The mock-up chat shows a message from the fictitious peer Mia, including a profile 

picture. Students in the teaching-only (left) and the teaching + drawing condition (right) could 

record a voice message. Translated from German. 

 

4.4.4 Measures 

Data collection was paper based. As this study was integrated within a larger research 

initiative, we only present the relevant variables for this study (see Appendix B, for detailed 

inventory of variables). 
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4.4.4.1 Conceptual Knowledge 

To evaluate students' conceptual knowledge in the pre-post-delayed test, we utilized the 

validated conceptual knowledge test ROC-CI by Wörner et al. (2022). The test consisted of 15 

multiple-choice items, designed to test students' conceptual knowledge about the operation of 

a converging lens, including distractors which reflected common misconceptions (e.g., "The 

arrow travels as a whole to the lens, is flipped by the lens, and then travels to the screen"). For 

a correct answer, students were awarded two points, for a partly correct answer with one point, 

resulting in a maximum score of 30 points. To minimize the possibility of recognition bias, we 

displayed answer choices in a random sequence for the pre-, post-, and delayed test. Two 

independent raters coded 20% of students' responses. The interrater reliability was excellent 

(ICC2,1 = 1.00), therefore only one of the raters coded the remaining answers. The reliability of 

the test was sufficient (McDonald's ωt = 0.68). 

4.4.4.2 Monitoring Accuracy 

To evaluate students' monitoring accuracy, we asked them to predict their expected 

performance on the pretest, the immediate posttest, and the delayed posttest. Each of these three 

predictions was made immediately before the corresponding test: "In the following you will 

answer 15 questions about the topic 'Imaging by converging lenses'. You can get two points per 

question. In total, you can score 30 points. How many points do you think you will get?" (Baars 

et al., 2017; Jacob et al., 2022; Prinz et al., 2018) on a scale from zero to thirty points (for a 

similar approach, see Jacob et al., 2020, 2022; Schleinschok et al., 2017). We quantified 

monitoring accuracy for the pretest, immediate posttest, and delayed posttest through a bias 

metric7 (Lachner et al., 2020; Schraw, 2009), which measures the difference between the 

 
7 In our preregistration, we mistakenly used the word 'absolute' when providing a detailed explanation of the bias 

measure for monitoring accuracy. We have disclosed this wording error to ensure transparency and scientific 

rigor. This approach aligns with the recommendations by Lakens (2024), who emphasizes that deviations from a 

preregistration due to errors can be transparently addressed to improve the validity of the analysis. 
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respective predicted and actual scores (i.e., XJudgment – XPerformance). Negative values (minimum: 

–30) indicate students' underestimation, positive values (maximum: 30) indicate their 

overestimation, and a zero-value represents an exact accuracy. We used bias instead of, for 

example, absolute accuracy (which measures the precision of a single judgment by calculating 

the squared deviation from actual performance; Schraw, 2009) because bias is a more 

informative measure of the direction and magnitude of metacognitive judgment errors (for 

further methods to measure monitoring accuracy, see e.g., Fiorella et al., 2024; Fiorella & 

Jaeger, 2023; Fukaya, 2013; Schraw, 2009). In our case, bias provides additional explorative 

critical insights into over- or under-confidence, which could be essential for understanding 

metacognitive processes (Schraw, 2009). 

4.4.4.3 Academic Self-Concept in Physics 

We determined students' academic self-concept in physics with four items (e.g., "I even 

understand the most difficult tasks in physics lessons") on a four-point Likert scale from one "I 

completely disagree" to four "I completely agree" (see Flegr et al., 2023; Mang et al., 2018). 

Reliability was good (McDonald's ωt = 0.81). 

4.4.4.4 Physics Work Ethic 

Physics work ethic was operationalized as a facet of the personality trait 

conscientiousness (see De Fruyt et al., 2008; Mang et al., 2018; Roberts et al., 2014). We 

measured students' physics work ethic with four items (e.g., "I am paying attention in physics 

lessons") on a four-point Likert scale from one "I completely disagree" to four "I completely 

agree" (see Mang et al., 2018). Reliability was acceptable (McDonald's ωt = 0.73). 

4.4.5 Procedure 

The Ethics Committee of the University of Tübingen and the Ministry of Education and 

Cultural Affaires of the State of Baden-Württemberg approved this study. Participation was 
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voluntary and data collection was limited to those students who had obtained written consent 

by their legal guardians. The procedure is summarized in Table 4. 

 

Table 4 

Procedure of the Study 

After-Study Conditions Distributed Conditions 

Pretest (approx. 1 week before the Teaching Unit) 

The Teaching Unit: Introduction (15 min) 

The Teaching Unit: Students' Experiments Learning Activity (5 min) 

(30 min) The Teaching Unit: Students' Experiments 

(5 min) 

 Learning Activity (5 min) 

 

Learning Activity (15 min) 

The Teaching Unit: Students' Experiments 

(25 min) 

 Learning Activity (5 min) 

Immediate Posttest 

Delayed Posttest (after approx. 8 weeks) 

Note. Bold items varied across experimental conditions (i.e., restudy, teaching-only, teaching 

+ drawing). 

 

Approximately one week before the teaching unit, the first author visited the schools to 

introduce the classes to the upcoming study. This visit also included administering the pretest 

(approx. 30 min) to evaluate the students' demographic information, prerequisites (e.g., 

academic self-concept in physics, physics work ethic), and their prior conceptual knowledge 

and monitoring accuracy. 

One week later, the first author, who is also a certified and experienced physics teacher 

(10 years), conducted the main part of the study (henceforth mentioned as "teacher"). First, the 

students were introduced to the topic of the converging lens through a teacher-led presentation 
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using visual slides and received the overview sheet (15 min). Afterwards, the students were 

randomly assigned to one of six conditions (after-study: restudy, teaching-only, teaching + 

drawing; distributed: restudy, teaching-only, teaching + drawing) within each class. Students in 

the after-study versus distributed condition were separated to the left and right side of the 

classroom with a classroom divider between.  

After randomization, students in the after-study condition directly conducted the 

experiments (30 min) in small groups of usually four students. During this phase, 

communication between students and the teacher mirrored typical physics lessons, allowing 

students to seek help if they were struggling with a task. After reviewing the experimental 

results with their teacher to confirm their accurate documentation, these students either taught 

the contents to a fictitious peer or taught and drew a picture individually (15 min). Students in 

the after-study control condition restudied the contents in the same amount of time on their own 

(15 min). During this activity, each student was assigned a specific seat and equipped with 

sound-proof ear protectors to prevent disturbances from fellow students. All learning materials 

were available to the students during the task. This open-book format was employed to 

circumvent any "hidden" retrieval-practice effects, and to keep the retrieval processes constant 

across conditions (Roelle, Endres, et al., 2023; Sibley et al., 2022). Moreover, it has been 

demonstrated that open-book teaching can be more effective than closed-book teaching (Sibley 

et al., 2022). 

After the randomization described above, students in the distributed conditions directly 

either taught the contents to a fictitious peer, taught and drew a picture, or restudied the contents 

individually (5 min). Subsequently, they started to conduct the first part of the experiments 

(hypotheses generation, 5 min) also in small groups of usually four students and then again 

either taught, taught and drew, or restudied the contents individually (5 min). Next, these 

students engaged in the next experimental phase with the same small group (25 min) and 

reviewed the experimental results with their teacher. Again, the students in the distributed 
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conditions either taught, taught and drew, or restudied the contents on their own (5 min), which 

kept the total time on task constant across all conditions (in total 15 min).  

Afterwards, all students answered the immediate posttest (approx. 20 min). Importantly, 

students' regular physics teachers were instructed not to further address the concept of the 

converging lens and its images during the following eight weeks. At the end of this period, the 

delayed posttest was administered by the first author. 

4.4.6 Analysis of Students' Experimentation Worksheets 

To ensure high implementation fidelity, we assessed whether all students fully and 

correctly completed their experimentation worksheet, which was adapted from Flegr et al. 

(2023). Full and correct completion was coded as 1 (yes), while incomplete or incorrect 

completion was coded as 0 (no). This evaluation ensured that all students had the same basis 

for the subsequent learning activity. 

4.4.7 Analysis of Students' Explanations, Drawings, and Restudy Notes 

Students in the teaching conditions (i.e., teaching-only, teaching + drawing) taught the 

contents to the fictitious peer "Mia", and their explanations were analyzed for completeness, 

elaboration, and correctness to capture the underlying cognitive processes (for a similar 

approach, see Fiorella & Kuhlmann, 2020; Hoogerheide, Renkl, et al., 2019; Jacob et al., 2020, 

2022). Restudy notes, along with students' drawings in the teaching + drawing condition, were 

also evaluated using these same indicators (see also Ainsworth & Scheiter, 2021; Fiorella & 

Kuhlmann, 2020; Schmidgall et al., 2019; Schwamborn et al., 2010). For students in the 

distributed conditions, completeness, elaboration, and correctness were assessed based on the 

aggregated final product across all learning activity segments to provide a comprehensive 

analysis (for a similar approach, see Fiorella, 2022). The detailed analysis scheme for students' 

explanations, drawings, and restudy notes is available here: 

https://doi.org/10.17605/OSF.IO/UK9CH. 
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4.4.7.1 Completeness of Students' Explanations, Drawings, and Restudy Notes 

The completeness of students' outputs was coded by identifying the concepts necessary 

to convey the learning contents: in the explanations and restudy notes, the concepts mentioned 

were coded; in the drawings, the concepts visually represented. Students could receive up to 

five points for each of the two task components (see Figure 12), resulting in a maximum of ten 

points in total (explanations and restudy notes: e.g., one point for "The image is swapped left-

right and top-bottom compared to the object"; drawings: e.g., one point for depicting a complete 

image on the screen despite a partially covered lens; self-developed coding scheme based on 

conceptual knowledge of the converging lens, see Wörner et al., 2022). 

Independent raters coded 20% of the explanations, drawings, and restudy notes. 

Interrater reliabilities were excellent (first part of the task: ICC2,1 = 0.98 – 0.99, second part: 

ICC2,1 = 0.99 – 1.00), so the remaining outputs (i.e., explanations, drawings, restudy notes) were 

split equally among the raters. The completeness scores from the two parts of the task were 

each added together, and this total value for completeness was used for further analysis of each 

teaching, drawing, or restudy note. 

4.4.7.2 Elaboration of Students' Explanations, Drawings, and Restudy Notes 

We counted the number of elaborations in each explanation, drawing, and restudy note 

to assess the level of elaboration. This included idea units such as analogies, examples, and 

personal experiences (see also Fiorella & Kuhlmann, 2020; Jacob et al., 2020; Lachner et al., 

2018). For instance, the statement, "If I cover the lens ring-shaped, the image on the screen is 

also simply less bright than before," qualifies as an elaboration because it introduces 

information not presented during the learning phase. Similarly, a drawn light ray tracing the 

path from a specific object point of the "L" through the converging lens to its corresponding 

image point is considered an elaboration, as this detail was also not provided during the learning 

phase. 
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Independent raters assessed the number of elaborations for 20% of the explanations, 

drawings, and restudy notes. Interrater reliabilities were excellent for both parts of each task 

(first part: ICC2,1 = 0.98 – 1.00, second part: ICC2,1 = 0 .96 – 1.00). Thus, the remaining outputs 

were evenly split among the raters for coding. A total score for the number of elaborations per 

explanation, drawing, or restudy note was then calculated and used for further analysis. 

4.4.7.3 Correctness of Students' Explanations, Drawings, and Restudy Notes 

As an indicator of the level of correctness, we evaluated the percentage of correct 

knowledge reflected in the explanations, drawings, and restudy notes (Hoogerheide, Renkl, et 

al., 2019). First, we counted the idea units in both parts of each task. For example, in an 

explanation or restudy note, an idea unit was the statement "The image is less bright than 

before"; in a drawing, a drawn upside-down image of the "L". Next, we coded the number of 

physically correct idea units. Finally, we calculated the percentage of correct idea units for each 

part of the respective task.  

Independent raters assessed the percentage of correct idea units for 20% of students' 

outputs. Interrater reliabilities were excellent for both parts of the respective task (first part: 

ICC2,1 = 0.94 – 1.00, second part: ICC2,1 = 0.96 – 1.00). The remaining outputs were then evenly 

divided among the raters for coding. A total score for the percentage of correct idea units was 

calculated for each explanation, drawing, and restudy note and used for further analysis. 

4.4.8 Data Analyses 

To test our preregistered hypotheses, we used planned contrasts while controlling 

students' prior conceptual knowledge or prior monitoring accuracy (Table 2). Conducting our 

preregistered contrast analyses instead of ANCOVAs allowed us to precisely test our hypotheses 

and their specific patterns (e.g., cascaded trends) while reducing the risk of alpha-inflation, as 

only one test was required (Furr & Rosenthal, 2003; Rosenthal & Rosnow, 1985). Moreover, 

contrast analyses are particularly recommended when testing specific hypotheses that cannot 
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be adequately addressed by conventional ANOVAs (e.g., main effects and interactions), such 

as cascaded or synergistic trends (Wiens & Nilsson, 2017) and also require smaller sample sizes 

compared to conventional ANOVAs. To address the hierarchical structure of the data, with 

students nested within classes and classes nested within schools, we applied multilevel 

modeling8 and incorporated cluster-robust standard errors. In the first contrast, we tested 

whether generation was more effective than restudy (i.e., restudy: –2; teaching-only: –1; 

teaching + drawing: 1). In the second contrast, we examined whether combining non-interactive 

teaching with drawing (i.e., teaching + drawing) was more beneficial than teaching-only (i.e., 

restudy: 0; teaching-only: –1; teaching + drawing: 1). Finally, in the third contrast, we tested 

whether the distributed learning activities were more effective than the after-study learning 

activities (i.e., after-study: –1; distributed: 1). 

We explored potential interactions between the contrasted learning activities (i.e., 

restudy, teaching-only, teaching + drawing) and the timing factor (i.e., after-study, distributed) 

using the same planned contrast analyses conducted for the main effects. This approach allowed 

us to examine both main effects and interactions without the risk of alpha inflation associated 

with running multiple tests (Furr & Rosenthal, 2003; Rosenthal & Rosnow, 1985; Wiens & 

Nilsson, 2017). We also performed mediation analyses to explore potential mediation effects of 

the characteristics of students' explanations and restudy notes, using the contrast-coded 

experimental conditions as the independent variable. Additionally, we computed moderation 

analyses with the contrast coded predictors to test potential moderation effects of prior 

knowledge, academic self-concept, and work ethic. 

 
8 Including an additional level for student group did not change the results; the outcomes remained stable. 

Therefore, we chose a multilevel model with the levels class and school to provide a more ecologically valid 

analysis (see Greenland, 2000; Raudenbush & Bryk, 2002). 
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As our field study comprised several measurement time points, missing values naturally 

occurred. In the preliminary and main analyses, the missing values were managed by applying 

multiple imputations across 50 datasets and 50 iterations.  

Data were analyzed using R, version 4.4.1 (R Core Team, 2024). 

4.5 Results 

The preregistration, data, analyses, and supplementary material are available here: 

https://doi.org/10.17605/OSF.IO/UK9CH. Cohen's d, partial ηp
2 , and φ were employed to 

measure effect sizes (small effects: d = 0.20, ηp
2  = 0.01, φ = 0.10; medium effects: d = 0.50, ηp

2  

= 0.06, φ = 0.30; large effects: d = 0.80, ηp
2  = 0.14, φ = 0.50, see Cohen, 2013). The alpha level 

was set to α = 0.05.  

4.5.1 Preliminary Analysis 

Our examination for potential outliers through boxplot visualization did not reveal any 

outliers. Further preliminary analyses showed no significant prior differences between the 

conditions concerning gender, χ² (10, 317) = 6.83, p = .732, φ  = 0.14, and first language, χ² 

(10, 317) = 8.71, p = .563, φ  = 0.17. Separate one-way ANOVAs across the six conditions 

(restudy after-study, restudy distributed, teaching-only after-study, teaching-only distributed, 

teaching + drawing after-study, teaching + drawing distributed) indicated that conditions did 

not differ in students' age, physics work ethic, academic self-concept in physics, prior 

conceptual knowledge, and prior monitoring accuracy, .670 < p < .797. Table 5 shows the mean 

scores and standard deviations per condition. Additionally, our implementation fidelity check 

confirmed that all 317 students fully and correctly completed the experimentation worksheet. 

As a further implementation check, comparisons between the characteristics of the restudy 

notes and the generated explanations, with regard to completeness, elaboration, and correctness, 

showed that the explanations were more complete (β = 0.20, p < .001, small effect), contained 

more elaborations (β = 0.11, p < .001, small effect), but had no higher proportion of correct idea 

https://doi.org/10.17605/OSF.IO/UK9CH
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units (β = –0.05, p = .195) than the restudy notes. The addition of drawing to the teaching 

component did not result in significant differences regarding completeness (β = –0.04, p = .558) 

and elaboration (β = 0.08, p = .307), but did in correctness (β = 0.22, p = .001, small effect). 

Similarly, the timing did not affect the level of completeness (β = 0.00, p = .953) and elaboration 

(β = 0.08, p = .148), but did affect correctness (β = –0.22, p < .001, small effect), see also Table 

5. 
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Table 5 

Means and Standard Deviations for all Measurements Across Experimental Conditions 

Variable After-Study Distributed 

Restudy Teaching-Only Teaching + 

Drawing 

Restudy Teaching-Only Teaching + 

Drawing 

M SD M SD M SD M SD M SD M SD 

Students' prerequisites 

     Physics work ethic (1-4) 2.93 0.49 2.98 0.44 3.02 0.57 3.02 0.56 2.87 0.53 2.93 0.44 

     Academic self-concept in physics (1-4) 2.73 0.53 2.83 0.48 2.84 0.59 2.71 0.54 2.60 0.65 2.77 0.58 

Prior 

     Conceptual knowledge (0-30) 7.28 3.12 7.58 3.64 7.35 3.35 7.85 3.28 8.55 4.19 7.75 3.27 

     Monitoring accuracya (-30-30) 9.94 6.95 9.94 6.37 9.84 6.94 9.93 6.88 8.06 7.31 8.83 5.30 

Characteristics of students' explanations 

and restudy notes 

     Completeness (0-10 points) 3.10 2.37 4.86 2.71 5.08 2.94 3.50 2.07 5.10 2.42 4.40 2.76 

     Elaboration (each 1 point) 2.12 2.50 3.42 3.33 3.60 7.53 2.67 2.12 3.70 3.67 4.98 6.02 

     Correctness (percentage) 94.84 9.78 91.98 13.13 94.04 9.16 89.58 14.15 79.58 19.88 90.61 10.77 

Characteristics of students' drawings 

     Completeness (0-10 points) ─ ─ ─ ─ 6.32 2.42 ─ ─ ─ ─ 5.49 2.89 

     Elaboration (each 1 point) ─ ─ ─ ─ 1.96 2.77 ─ ─ ─ ─ 2.65 3.35 

     Correctness (percentage) ─ ─ ─ ─ 87.13 19.35 ─ ─ ─ ─ 77.37 23.74 

Immediate 

     Conceptual knowledge (0-30) 13.94 4.92 16.54 5.65 17.77 5.06 15.42 5.11 15.48 4.95 16.04 5.43 

     Monitoring accuracya (-30-30) 2.08 7.94 -0.92 7.73 -1.92 6.94 0.44 6.83 -0.54 7.21 -1.09 7.66 

Lasting 

     Conceptual knowledge (0-30) 10.74 3.87 12.21 4.36 13.20 4.59 11.61 4.65 11.59 4.95 12.47 5.48 

     Monitoring accuracya (-30-30) 2.69 6.16 0.00 6.92 0.14 7.07 2.50 6.89 1.69 7.73 1.04 6.61 

Note. The data in this table are based on the raw data. 
aMonitoring accuracy is calculated based on the differences between students' estimated and actual performance. Negative values indicate 

underestimation, positive values overestimation, and a value of zero a perfect judgment of learning. 
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4.5.2 Conceptual Knowledge 

In line with our generation hypothesis (H1a), contrast analysis concerning the 

immediate posttest showed that students who engaged in non-interactive teaching (i.e., 

teaching-only, teaching + drawing) had higher conceptual knowledge than students who 

restudied the contents (β = 0.11, p = .005, small effect; see Appendix C for detailed results). To 

explore whether cognitive mechanisms underlie this significant generation effect contrasted to 

restudy, we performed explorative separate mediation analyses. The learning activity served as 

the predictor (generation contrast: –2 = restudy, 1 = teaching-only, 1 = teaching + drawing), 

with completeness, elaboration, and correctness acting as individual mediators, and students' 

immediate conceptual knowledge as dependant variable. The analysis revealed a significant 

indirect effect through completeness, a1 × b1 = 0.15, p = .001 (see Figure 13 for the full 

mediation model). Neither elaboration nor correctness were significant mediators (for detailed 

results, see Appendix D). 

 

Figure 13 

Explorative Mediation Analysis in Terms of the Level of Completeness 

 

Note. *p < .050. Regression coefficients are standardized. 
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The further contrasts were not significant, neither for immediate nor for lasting 

conceptual knowledge (see Appendix C for detailed results). This finding indicates that non-

interactive teaching contributed to immediate learning but not to lasting learning. Additionally, 

neither drawing nor distributing generative activities contributed to students' conceptual 

knowledge. 

In a next step, we also explored potential interactions between the contrasted learning 

activities (i.e., restudy, teaching-only, teaching + drawing) and the timing factor (i.e., after-

study, distributed) using the same planned contrast analyses conducted for the main effects. In 

terms of immediate conceptual knowledge, we found a significant interaction between the 

contrasted restudy and generative conditions and timing (β = –0.09, p = .017, small effect; see 

Appendix C for further details). To break up this significant interaction, we conducted simple 

effect analyses regarding immediate conceptual knowledge. Results revealed that students who 

taught the learning contents only once (after the study phase) significantly outperformed 

students who taught distributed (β = –0.30, p = .026, small effect; after-study teaching: M = 

17.15, SD = 5.37; distributed teaching: M = 15.76, SD = 5.18). In contrast, there was no effect 

of timing when students restudied the learning contents (β = 0.25, p = .175; after-study 

restudying: M = 13.94, SD = 4.92; distributed restudying: M = 15.42, SD = 5.11). Together, the 

results suggest that teaching had an effect on immediate conceptual knowledge only when 

teaching was conducted after-study.  

4.5.3 Monitoring Accuracy 

Regarding immediate monitoring accuracy, there was a significant difference between 

the restudy condition and the generative conditions (i.e., teaching-only, teaching + drawing), β 

= –0.09, p = .013 (small effect). Based on the descriptive values, students in the restudy 

condition overestimated their knowledge (M = 1.29, SD = 7.44), however, a one-sample t-test 

showed that their judgments did not significantly differ from zero, t(100) = 1.72, p = .090. In 
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contrast, students in the generative conditions underestimated their knowledge (M = –1.11, SD 

= 7.36), with a one-sample t-test indicating a significant difference from zero, t(215) = –2.21, 

p = .029.  

None of the other contrasts were significant, neither for immediate nor for lasting 

monitoring accuracy (see Appendix C for detailed results).  

4.5.4 Explorative Analyses on Students' Individual Differences  

Given that our intervention demonstrated effects predominantly regarding immediate 

conceptual knowledge, we explored students' prior knowledge, academic self-concept, and 

work ethic as moderators of our learning activities in the immediate posttest. To ensure a 

comprehensive understanding, we also conducted the corresponding analyses regarding lasting 

conceptual knowledge. We utilized separate analyses, since running one analysis including 

correlated concepts could result in lower statistical power, unstable regression coefficients, and 

larger error terms (Aguinis, 1995). For detailed results see Appendix E (for correlations see 

Appendix F). 

4.5.4.1 Prior Knowledge 

For immediate conceptual knowledge, we did not find a statistically significant 

interaction between students' prior knowledge and generation (β = –0.04, p = .404), nor between 

prior knowledge and drawing (β = 0.02, p = .742), nor between prior knowledge and distribution 

(β = 0.07, p = .299), nor between prior knowledge, generation, and distribution (β = 0.04, p = 

.345), and nor between prior knowledge, drawing, and distribution (β = 0.04, p = .577). None 

of the interactions for lasting conceptual knowledge were statistically significant. 

4.5.4.2 Academic Self-Concept 

For immediate conceptual knowledge, results revealed no significant interaction effects 

between students' academic self-concept and generation (β = 0.02, p = .621), not between 
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academic self-concept and drawing (β = 0.03, p = .726), and not between academic self-concept 

and distribution (β = –0.01, p = .859). Interestingly, there was a statistically significant 

interaction between academic self-concept, generation, and distribution (β = –0.08, p = .026, 

small effect). To examine this interaction effect in more detail, we applied the Johnson-Neyman 

technique (Hayes & Montoya, 2017) which allows us to detect the significant range of students' 

academic self-concept in which the interaction is still significant. For the after-study condition, 

results revealed that students significantly benefited more from the generative activities than 

from restudying, however, only when their academic self-concept was medium to high (> –

0.50). For students with a low academic self-concept (≤ –0.50), there was no difference among 

conditions. For the distributed condition, students' academic self-concept did not moderate the 

learning effect. Thus, academic self-concept was only a determining factor when students only 

taught once after the study phase.  

 

Figure 14 

Johnson-Neyman Confidence Intervals for Academic Self-Concept Moderation of Immediate 

Conceptual Knowledge in After-Study and Distributed Conditions 

 

Note. The band reflects the 95% confidence interval which can be used to demonstrate 

significant regions. Significant regions are highlighted in blue, non-significant regions in red. 
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There was no statistically significant interaction between academic self-concept, 

drawing, and distribution (β = 0.02, p = .780). None of the interactions for lasting conceptual 

knowledge were statistically significant. 

4.5.4.3 Physics work ethic 

We did not find a statistically significant interaction effect of students' work ethic and 

generation (β = 0.03, p = .371), and not regarding work ethic and drawing (β = 0.13, p = .066) 

or work ethic and distribution (β = 0.00, p = .952). Again, there was a statistically significant 

interaction between work ethic, generation, and distribution (β = –0.10, p = .009, small effect). 

Regarding the after-study condition, the Johnson-Neyman technique revealed that for students 

with a physics work ethic of higher than –0.51, the generative activities were significantly better 

than restudying, whereas there was no significant difference among conditions for students with 

a work ethic of exactly and lower than –0.51. Regarding the distributed condition, there was no 

statistically significant interaction effect, indicating that students' work ethic only moderated 

after-study teaching. 
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Figure 15 

Johnson-Neyman Confidence Intervals for Physics Work Ethic Moderation of Immediate 

Conceptual Knowledge in After-Study and Distributed Conditions 

 

Note. The band reflects the 95% confidence interval which can be used to demonstrate 

significant regions. Significant regions are highlighted in blue, non-significant regions in red. 

 

There was no statistically significant interaction between work ethic, drawing, and 

distribution (β = –0.07, p = .359). None of the interactions for lasting conceptual knowledge 

were statistically significant. 

4.6 Discussion 

In this field experiment, we investigated whether the effectiveness of non-interactive 

teaching can be improved by a) incorporating drawing and b) distributing non-interactive 

teaching across the study phase with regard to students' conceptual knowledge and monitoring 

accuracy. Additionally, we examined cognitive (i.e., prior knowledge), motivational (i.e., 

academic self-concept), and personality (i.e., work ethic) factors as moderators of non-

interactive teaching. 

For immediate conceptual knowledge, in line with our generation hypothesis (H1a), we 

found that students who engaged in non-interactive teaching outperformed those who restudied 

the contents, mediated by the level of completeness. Contrary to our drawing hypothesis (H2a), 
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however, drawing did not significantly contribute to the effectiveness of non-interactive 

teaching. That said, we did not find a main effect of distributing the non-interactive teaching 

activities (H3a). However, explorative analyses of potential interactions between non-

interactive teaching and distributing suggested that teaching had an effect only when conducted 

after-study but not when distributed throughout the teaching unit. Our explorative analyses on 

students' individual differences showed that academic self-concept in physics and physics work 

ethic were associated with students' immediate conceptual knowledge. In the after-study 

conditions, students with higher levels of academic self-concept or work ethic benefited more 

from the generative conditions compared to restudying. In contrast, no moderating effects were 

observed for students with lower levels of academic self-concept or work ethic. Thus, academic 

self-concept and work ethic were only associated factors when teaching occurred after the study 

phase. We did not observe significant lasting conceptual knowledge effects. For immediate 

monitoring accuracy, students in the restudy condition numerically overestimated their 

knowledge, while those in the generative conditions (teaching-only, teaching + drawing) 

significantly underestimated their performance. None of the other effects were significant, 

including those related to lasting monitoring accuracy. 

From a theoretical perspective, our findings add to the scarce evidence that non-

interactive teaching is a beneficial learning strategy in the context of inquiry learning in schools 

(e.g., Fiorella & Mayer, 2014; Hoogerheide, Renkl, et al., 2019; Kobayashi, 2024; Lachner et 

al., 2021; Palinscar & Brown, 1984). However, adding drawing to non-interactive teaching did 

not enhance students' understanding of the learning contents. At first glance, this result seems 

to contrast with the recent study by Fiorella and Kuhlmann (2020). However, Fiorella and 

Kuhlmann (2020) conducted their study in a laboratory setting with adults and informed them 

about the general task of the subsequent learning activity even before the study phase (i.e., 

teaching expectancy). 
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Further, distributing non-interactive teaching during the study phase was not more 

beneficial than teaching only once after studying. This finding contradicts our hypothesis and 

prior research which showed that distributing non-interactive teaching enhanced students' 

understanding (Lachner et al., 2020). However, in the study by Lachner et al., (2020), the 

authors implemented a distributed non-interactive teaching task only once, namely in the 

middle of the study phase. In contrast, we implemented three distributed teaching tasks during 

the study phase. Thus, our study extends prior research as our results indicate that enhancing 

non-interactive teaching through distribution at multiple points during the study phase did not 

optimize school students' learning. Nevertheless, it is unclear why teaching once (in the middle 

of the study phase) led to better outcomes but teaching several times during the study phase did 

not. One possible explanation is that frequent task-switching—between the respective learning 

activity and the ongoing teaching unit—may not always be beneficial. While one might assume 

that distributing learning activities benefits learning (Pan et al., 2024), it could also potentially 

increase the demands on students' working memory, particularly during knowledge 

construction. Future studies should investigate whether frequent interruptions in the learning 

process outweigh the benefits of distributed teaching and how to structure distribution in a way 

that optimally supports learning. 

Interestingly, our analyses on students' individual differences revealed that prior 

knowledge did not moderate teaching and distributing as expected. Therefore, our findings are 

in line with other research that was unable to replicate such an interaction (Jacob et al., 2022; 

J. Richter et al., 2022). We attribute this finding to the fact that generative activities themselves 

are adaptable and can be worked on different levels of prior knowledge (Brod, 2024). 

Additionally, our analyses revealed that academic self-concept moderated after-study 

learning activities regarding the acquisition of immediate conceptual knowledge. Students with 

high academic self-concept appeared to benefit more from generative activities than from 

restudying. A strong academic self-concept likely enabled these students to approach the 
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complex and challenging physics topic (Flegr et al., 2023; Wörner et al., 2022) with confidence, 

possibly facilitating generative processes essential for effective learning (Fiorella, 2023b). In 

contrast, students with lower academic self-concept may have lacked the confidence or belief 

in their abilities to engage deeply with the task, reducing the effectiveness of teaching as a 

generative learning strategy. Notably, Jacob et al. (2022) found that students with low academic 

self-concept benefited more from teaching than retrieving. However, we want to note that Jacob 

et al. (2022) conducted their study in biology. Given that academic self-concept is domain-

specific, our findings suggest that such ATI-effects may also depend on the particular domain 

in which non-interactive teaching is implemented (see also Sibley et al., 2024). 

To our knowledge, we were the first to investigate the moderating role of physics work 

ethic regarding non-interactive teaching. Our findings demonstrated that work ethic, as a facet 

of conscientiousness, moderated after-study activities regarding immediate conceptual 

knowledge, which is also in line with previous publications in related areas (Bareis et al., 2024; 

Rieger et al., 2022; Song et al., 2020). We want to make explicit that we deliberately did not 

explore potential moderated mediations due to our restricted sample size and the fairly complex 

3×2-design.  

4.6.1 Study Limitations and Future Research 

One limitation concerns the authenticity of our experimental field study. While our 

study was aligned with the physics curriculum and all lessons and study components were 

conducted personally by the first author (researcher and experienced physics teacher), the 

experimental setting may have dampened natural classroom dynamics, making it difficult to 

fully generalize the findings to real classroom teaching. Moreover, to isolate the lasting effects 

of the interventions, regular physics teachers were explicitly instructed not to revisit the topic 

of the converging lens and its images during the eight weeks between the immediate and 

delayed posttest. However, this differs from typical classroom practice, where topics are often 
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periodically reinforced. Additionally, students may have independently engaged with the topic, 

introducing a potential confounding factor. Future research could enhance ecological validity 

by embedding interventions more seamlessly into standard classroom routines, thereby 

supporting the long-term integration of evidence-based teaching strategies. Additionally, we 

focused exclusively on physics. Given that prior research suggests non-interactive teaching is 

not equally effective across subjects or domains (Sibley et al., 2024) and that age-related 

differences exist (Brod, 2021), the generalizability of our findings remains uncertain. 

Further limitations arise from the study design. First, while using the same conceptual 

knowledge test at three time points ensured consistency, it may have introduced recognition 

effects. To mitigate this, we randomized the order of answer options to prevent students from 

relying solely on memory. Nonetheless, future studies could explore alternative test formats to 

minimize potential biases. Second, we did not include a drawing-only condition, as our primary 

goal was to investigate whether adding drawing enhances the effectiveness of non-interactive 

teaching. Additionally, it would be valuable to replicate our findings under conditions where 

students are informed before studying that they will teach, as previous research suggests that 

this expectation can influence learning outcomes (Fiorella & Mayer, 2014; Guerrero & Wiley, 

2021; Kobayashi, 2024). 

It is also important to note that the observed effects were relatively modest, which may 

be attributed to the short duration of the intervention. Students engaged in generative tasks (i.e., 

teaching-only, teaching + drawing) only once for 15 min or in three separate five-minute 

segments. These brief intervals may not have provided sufficient time for students to fully 

engage with the teaching experience as a generative activity. Although each five-minute 

segment began only after all students were ready, we cannot rule out that some students may 

have needed additional time to process the material, potentially reducing overall time-on-task. 

Moreover, a total exposure of 15 min across all conditions may not have been sufficient to foster 

lasting learning effects over an eight-week period. Nonetheless, we want to note that our 
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obtained findings are consistent with prior meta-analytic evidence (e.g., Lachner et al., 2022; 

Ribosa & Duran, 2022). 

4.7 Conclusion 

Our results demonstrated that non-interactive teaching was an effective generative 

strategy for supporting students' learning in school, likely because it led to a higher level of 

completeness compared to restudying. However, incorporating drawing or distributing non-

interactive teaching at several time points during the learning phase did not yield additional 

learning benefits. Moreover, our study highlights the need to consider non-cognitive learner 

characteristics, as they can shape the non-interactive teaching effect. These insights provide 

valuable directions for optimizing non-interactive teaching and highlight the importance of 

considering individual differences in educational practice. 
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5 Study 3: Happy or Redundant? Retrieval Practice Enhances Lasting Learning in Non-

Interactive Teaching for Low-Quality Explanations 

 

Abstract 

Background: Supporting lasting learning is a central goal in education, particularly in schools 

where long-term retention is crucial for students' academic success. Generative learning helps 

construct meaningful mental representations, while retrieval practice supports consolidation 

and long-term retention. Combining both strategies may foster learning; however, research 

remains scarce. 

Aims: We investigated how combining generative activities and retrieval practice affects 

students’ conceptual knowledge and monitoring accuracy in authentic school settings for 

immediate and lasting learning. Additionally, we explored associations between generation, 

retrieval, and explanation quality (i.e., completeness, elaboration, correctness). 

Sample: The classroom experiment was conducted in authentic physics lessons with N = 344 

secondary students. 

Methods: Students participated in a physics teaching unit about converging lenses and were 

randomly assigned within each class to one of four combinations of sequential learning 

activities crossing two factors (non-generation vs. generation; non-retrieval vs. retrieval). 

Conceptual knowledge and monitoring accuracy were measured immediately and after eight 

weeks. 

Results: Conceptual knowledge and monitoring accuracy did not significantly differ between 

generation, retrieval, or their sequential combination at either test. However, exploratory 

analyses revealed that retrieval practice supported lasting learning only when prior generative 

processing was of low quality—that is, when students’ explanations were incomplete, less 

elaborated, or inaccurate. 
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Conclusions: Combining generation and retrieval does not universally enhance learning. Its 

effectiveness appears to depend on the quality of prior generative processing. In this sense, 

retrieval practice may serve a happy role—compensating fragile knowledge—or a redundant 

one, offering no added benefit when prior understanding is already strong. 

Keywords 

Generative learning; learning by teaching; drawing; retrieval practice; lasting learning 

 

5.1 Introduction 

Lasting knowledge is pivotal for students' academic success and their ability to 

participate in today's knowledge society (OECD, 2023). However, recent large-scale 

assessments (e.g., Mullis et al., 2020; OECD, 2023) indicated that students often struggle to 

acquire and retain lasting knowledge. Generative activities are regarded as facilitating the 

meaningful construction of coherent mental representations. By engaging in these activities, 

students actively select, organize, and integrate new information, which fosters learning and 

metacomprehension (Fiorella, 2023b; Wittrock, 2010). Contrarily, retrieval practice, which 

involves retrieving previously learned contents, is considered essential for consolidation and 

lasting learning, that is, the long-term retention of mental representations (Karpicke, 2017). 

Given their distinct functions in learning, generative activities and retrieval practice may 

complement each other and mutually enhance learning outcomes. However, research on the 

combined effects of both learning activities is extremely limited (see Roelle, Endres, et al., 

2023). Additionally, it is an open question how such combinations affect learning in authentic 

settings with school students regarding both immediate and lasting learning. Against this 

background, we conducted a classroom experiment with secondary students to investigate 

whether sequentially combining generative activities and retrieval practice can enhance 

(lasting) knowledge and monitoring accuracy. 
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5.2 Generative Learning Activities 

Generative learning activities promote the active construction of knowledge and support 

meaningful learning (e.g., Fiorella, 2023b; Wittrock, 2010). Generative learning involves 

selecting, organizing, and integrating information to construct coherent mental representations 

(Wittrock, 2010). 

One example is non-interactive teaching, where students explain contents to a fictitious 

peer (Lachner et al., 2022). The effectiveness of non-interactive teaching appears to be 

influenced by the quality of the explanations produced, including how thoroughly they cover 

key concepts (e.g., Jacob et al., 2020; blinded authors, 2025, under review) and the extent to 

which they incorporate detailed elaborations (e.g., Fiorella & Kuhlmann, 2020). Meanwhile, 

recent research has added visual components, acknowledging that teaching involves not only 

verbal explanations but also external representations (e.g., Fiorella & Kuhlmann, 2020; blinded 

authors, 2025, under review). Meta-analyses indicate small positive effects of non-interactive 

teaching on learning (e.g., Kobayashi, 2024: g = 0.27), and some evidence suggests benefits for 

monitoring accuracy. However, findings vary across and within studies, with outcomes ranging 

from positive to null or negative. Most studies relied on immediate or short-term delayed testing 

(e.g., one week), leaving the lasting effects of non-interactive teaching unclear. A rare example 

is the study by (blinded authors, accepted). In a classroom experiment embedded in regular 

physics lessons, secondary students (N = 590) either taught the previously learned contents to 

a fictitious peer, taught using a provided visualization, taught and drew, or restudied the 

material. Results showed that students in the generative conditions outperformed those who 

restudied the contents in an immediate posttest, but this advantage did not occur in delayed 

testing settings (eight weeks after the intervention). The inclusion of drawing in non-interactive 

teaching was particularly effective. These findings suggest that generative learning alone may 



128                                    STUDY 3: COMBINING NON-INTERACTIVE TEACHING AND 

RETRIEVAL PRACTICE 

not be sufficient for lasting learning, pointing to the potential value of additional consolidation 

activities such as retrieval practice. 

5.3 Retrieval Practice 

Retrieval practice involves recalling previously learned contents—typically through 

activities such as quizzes or tests—and is widely recognized as an effective strategy for 

promoting long-term retention (Yang et al., 2021). According to theoretical accounts of 

retrieval-based learning (Karpicke, 2017), the act of retrieval supports memory consolidation 

and enhances the durability of knowledge. Several hypotheses have been proposed to explain 

why retrieval practice may foster lasting learning. One prominent account suggests that retrieval 

strengthens memory traces by requiring effortful recall (Bjork & Bjork, 2011). Others 

emphasize elaborative retrieval (Carpenter, 2011) or context reinstatement (Rowland & 

DeLosh, 2014). 

The benefits of retrieval practice, for instance, have been demonstrated in a classroom 

study by Roediger et al. (2011, Exp.1). The authors investigated the effects of repeated low-

stakes quizzing during a sixth-grade social studies course. Students completed three multiple-

choice quizzes (pretest, posttest, review test two days later) for half of the lesson contents, while 

the other half remained untested. Chapter exams two days later and a semester exam after one 

to two months revealed robust benefits for quizzed contents, with improvements in both free 

recall (immediate: ηp
2  = .64) and multiple-choice performance (immediate: ηp

2  = .73; delayed: 

ηp
2  = .45). These findings demonstrate that quizzes integrated into regular instruction can 

enhance both immediate and lasting learning outcomes. 

There is also meta-analytic evidence supporting the benefits of retrieval practice in 

applied educational settings. Yang et al. (2021) synthesized findings from 222 classroom-based 

studies conducted in both school and university contexts and reported a medium overall effect 

of quizzing on students’ achievement (g = 0.50). The effects were even larger when retrieval 
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was combined with feedback (g = 0.54 vs. g = 0.37), which may help students fill knowledge 

gaps and reinforce memory traces. 

5.4 Combining Generative Activities and Retrieval Practice 

Considering the complementary functions of generative activities and retrieval practice, 

combining both activities may enhance students' learning. Roelle et al. (2023) emphasized that 

while generative activities produce meaningful mental representations, they often lack 

sufficient storage strength to ensure durable learning. Consequently, retrieval-based follow-up 

tasks may play a critical role in stabilizing these representations through consolidation. In the 

context of generative learning, retrieval practice could play a pivotal role by slowing students' 

forgetting of newly acquired knowledge (i.e., direct retrieval-practice effect, e.g., Rowland, 

2014; Yang et al., 2021) and enhancing the effectiveness of subsequent relearning (i.e., indirect 

retrieval-practice effect, e.g., Endres et al., 2024). Following Roelle et al. (2023), how students 

engage in generative learning activities might affect the extent to which subsequent retrieval 

practice can be effective. For example, if generative activities are executed poorly, students may 

form only weak mental representations, providing a limited knowledge base for retrieval (see 

also Roelle, Froese, et al., 2022). Moreover, incorrect knowledge generated during these 

activities could later be retrieved and reinforced through retrieval practice, potentially 

consolidating misconceptions (e.g., Zhuang et al., 2022). However, the combination of a 

generative activity and retrieval practice might also induce a redundancy effect (Sweller et al., 

2011), which occurs when the same information is processed through multiple sources that do 

not add value but instead impose unnecessary cognitive load. In such cases, additional learning 

activities—such as retrieval practice following a highly complete or accurate generative 

activity—may no longer contribute to learning and can even hinder it by burdening learners 

with redundant processing demands (see also Fyfe & Rittle-Johnson, 2016; Wagner et al., 

2024). 
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Evidence on the interplay between generative activities and retrieval practice remains 

scarce, as research on these two approaches has largely been conducted independently (see 

Roelle, Endres, et al., 2023) or has focused on comparative horse-race studies (e.g., Jacob et 

al., 2020). Rather than identifying the most effective learning task, recent research has shifted 

toward investigating the benefits of combining generative learning and retrieval practice (see 

Roelle, Endres, et al., 2023). In this context, retrieval practice has been integrated into 

generative activities (e.g., Waldeyer et al., 2020), and generative learning has been incorporated 

into retrieval practice (e.g., Endres et al., 2024). However, findings suggest that combining both 

strategies does not always lead to superior learning outcomes compared to each approach 

individually (e.g., O’Day & Karpicke, 2021). Moreover, recent studies have explored the role 

of sequencing generative and retrieval tasks. Theoretical arguments suggest that a generation-

before-retrieval approach may be beneficial as it enables learners to construct a well-organized 

mental representation first, which can later support more effective retrieval (Fiorella, 2023b; 

VanLehn, 1996). Conversely, retrieval-before-generation sequencing may strengthen memory 

traces, reduce cognitive load, and direct attention to key concepts, thereby facilitating 

subsequent generative learning (Roelle, Endres, et al., 2023; Roelle, Froese, et al., 2022; 

Rowland, 2014; Sweller et al., 2011). For example, Roelle et al. (2022) investigated the impact 

of sequencing retrieval practice and generative learning on knowledge acquisition. In an 

experiment, 158 university students first read a text about social attribution. After this initial 

study phase, they were randomly assigned to either a retrieval-before-generation or a 

generation-before-retrieval sequence. The retrieval task involved cued recall followed by 

feedback, which students processed by rating their answers against the provided correct 

responses. In the generative task, students were asked to generate their own examples of the 

accessible contents. The results showed that engaging in retrieval practice before generative 

learning led to greater retention gains (ηp
2  = .03, small effect) and reduced cognitive load during 

both tasks (ηp
2  = .07, medium effect) compared to the reverse order. However, as this is one of 
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the first studies examining the sequencing of generative and retrieval activities, no definitive 

conclusions can yet be drawn regarding an optimal sequence, indicating that further research is 

needed. 

Within the domain of learning by self-explaining, initial evidence suggests that 

especially the combination of retrieval practice and self-explaining promotes learning (Larsen 

et al., 2013). In this study, employing a within-subjects design, medical students took part in a 

teaching session covering four distinct topics. Over four weekly learning sessions, students 

performed one of four written learning tasks for each topic crossing two factors (restudy vs. 

retrieval, no-explaining vs. self-explaining). In a free-recall test after six months, the authors 

observed a main effect of retrieval (ηp
2  = .33, large effect) and self-explaining (ηp

2= .08, medium 

effect) and an interaction effect between self-explaining and retrieval (ηp
2  = .01, small effect). 

Additional pairwise comparisons revealed that the self-explaining condition yielded better 

learning performance when combined with retrieval rather than restudy (d = 0.70, medium 

effect). Moreover, there was a significant interaction among retrieval, self-explanation, and 

topic (η𝑝
2  = 0.06, small effect).  

The findings, however, only apply to self-explanations and not to instructional 

explanations such as non-interactive teaching. While non-interactive teaching is a related but 

distinct explanation activity, it additionally requires students to adopt the audience perspective 

and adjust their explanations to enhance comprehensibility (see Lachner et al., 2021). Given 

that Larsen et al. (2013) conducted their study in a laboratory setting with university students 

and focused on self-explaining combined with retrieval, and considering that empirical 

evidence on the effectiveness of retrieval practice in problem-solving is mixed (Van Gog et al., 

2015), it remains an open question whether these findings would generalize to the combination 

of generative activities and retrieval practice in authentic classroom settings with school 



132                                    STUDY 3: COMBINING NON-INTERACTIVE TEACHING AND 

RETRIEVAL PRACTICE 

students. Accordingly, it also remains unclear to what extent this approach fosters lasting 

learning in such authentic contexts. 

5.5 The Present Study 

Building on the previous considerations, the aim of this study was to investigate how 

the combination of generative activities (i.e., non-interactive teaching) and retrieval practice 

affect school students' learning in authentic classroom settings. We examined these effects on 

conceptual knowledge and monitoring accuracy in both immediate and lasting learning after 

eight weeks. Additionally, we explored whether the characteristics of the generative activities 

(i.e., completeness, elaboration, correctness) might be associated with the effectiveness of 

combined generation and retrieval. A classroom experiment in physics was conducted with 

seventh and eighth-grade students. We preregistered (https://aspredicted.org/wtpj-s7jd.pdf) the 

following hypotheses: 

5.5.1 Generation Hypothesis (H1) 

Grounded in the generative learning theory (Wittrock, 2010), we hypothesized that 

students engaging in a generative learning activity (i.e., non-interactive teaching) would 

outperform students in the non-generative activity (i.e., restudy) regarding their a) conceptual 

knowledge (Hoogerheide, Visee, et al., 2019; blinded authors, 2025, accepted) and b) 

monitoring accuracy (Jacob et al., 2020). In addition, we explored whether the effects were 

lasting, as assessed by a delayed test after eight weeks. 

5.5.2 Retrieval Hypotheses (H2, H39) 

Prior research suggests that retrieval practice fosters knowledge consolidation and 

lasting retention (Rowland, 2014). Accordingly, we hypothesized that students who retrieve 

learning contents (i.e., retrieval) would outperform students who only restudy the new contents 

 
9 Please note that the numbering of Hypotheses 3 and 4 has been reversed compared to the preregistration for 

improved readability. The content of the hypotheses remains unchanged. 
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(i.e., non-retrieval) regarding their a) conceptual knowledge and b) monitoring accuracy (H2). 

We also hypothesized that retrieval results in higher lasting learning than non-retrieval, as 

assessed by a delayed test after eight weeks (H3). 

5.5.3 Interaction Hypothesis (H4) 

Generative activities are regarded as contributing to elaboration processes, while 

retrieval practice should enhance consolidation (Roelle, Endres, et al., 2023; Roelle, Schweppe, 

Endres, Lachner, Aufschnaiter, et al., 2022). Therefore, we hypothesized that the combination 

of a generative activity and retrieval practice would yield synergistic effects on students' a) 

conceptual knowledge and b) monitoring accuracy. In addition, we explored whether the effects 

were lasting, as assessed by a delayed test after eight weeks. 

5.5.4 Explorative Analyses on the Characteristics of Students' Explanations 

Following Roelle et al. (2023), how students engage in the generative learning activity 

may shape the effectiveness of subsequent retrieval practice. Specifically, retrieval practice is 

likely to benefit learning only if a sufficiently accurate and elaborated mental representation 

has been constructed during the generative phase (see also Roelle, Froese, et al., 2022). 

Otherwise, retrieval may fail or even reinforce misconceptions (e.g., Roediger et al., 1996; 

Zhuang et al., 2022). Therefore, we explored whether the characteristics of students' 

explanations—completeness, elaboration, and correctness—moderate the effects of combined 

generation and retrieval. 

5.6 Method 

5.6.1 Participants and Design 

A total of 372 seventh- and eighth-grade students from five secondary schools in 

southwestern Germany participated in the study. In total, 28 students were excluded because 

they missed the intervention, resulting in a final sample of N = 344. The sample exceeded the 

minimum of 206 participants determined by an a priori power analysis conducted in G*Power 
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(f = 0.25, α = .05, 1-β = .90, ANCOVA with one covariate), as dropout was lower than 

anticipated. 

Students had a mean age of 12.58 years (SD = 0.63) and 49.20% identified as female. 

Regarding language background, 58.84% reported German as their native language, 16.08% 

were bilingual with German, and 25.08% had a different first language. Prior knowledge was 

relatively low (M = 8.91, SD = 3.83; maximum score: 30 points). 

We applied a 2 × 2 between-subjects design crossing generative learning (non-

generation vs. generation) and retrieval practice (non-retrieval vs. retrieval). Students either 

restudied the contents (non-generation: n = 168) or taught them to a fictitious peer (generation: 

n = 176), and subsequently either restudied (non-retrieval: n = 165) or completed a quiz 

(retrieval: n = 179). To avoid potential confoundings with the retrieval task, the generative task 

was conducted open-book, allowing access to the material to trace effects to a generative and 

not a retrieval function. 

5.6.2 The Teaching Unit 

The physics teaching unit, aligned with the curriculum, covered converging lenses and 

image formation—a standard topic in geometrical optics for this age group. A certified physics 

teacher with 10 years of experience (first author) conducted all lessons and data collection. 

Instructional materials, including the introduction, overview sheet, and experimentation 

worksheet, were adapted from Flegr et al. (2023). 

The lesson began with a teacher-led presentation using visual slides. Students activated 

prior knowledge by discussing everyday uses of lenses ("Where can you find lenses in your 

everyday life?"). Key concepts were introduced, including a definition, terminology, and an 

explanation of light refraction with examples. An overview sheet summarized core principles 

of converging lenses (see first worksheet by Flegr et al., 2023). 
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Following the introduction, students investigated how partially covering a lens and 

changing the object's distance affected image formation using an optical bench setup (Figure 

16). A worksheet guided their inquiry: Students generated hypotheses, explained their 

reasoning, documented observations in a table, and compared them with the results. 

 

Figure 16 

Setup of the Students' Experiments on the Converging Lens and its Images 

 

 

5.6.3 Generative Learning Activity 

Students in the generative condition were instructed to teach the contents to the fictitious 

peer "Mia" by recording a voice message and drawing a visualization via a tablet-based chat. 

In contrast, students in the non-generative condition restudied the material. Both activities 

targeted two core objectives—effects of partial lens coverage and changes in object distance—

and were framed around two related common misconceptions about image formation with a 

converging lens (see Figure 17; for task details, see blinded authors, 2025, accepted).
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Figure 17 

Mockup Messenger Chat of the Generative Learning Activity 

 
Note. The mock-up chat displays a message from the fictitious peer Mia, accompanied by a 

profile picture. Students in the generative condition were able to record a voice message and 

use the two provided template pictures for drawing. Translated from German 
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5.6.4 Retrieval Practice 

In addition to the generative activity, students were randomly assigned to either a non-

retrieval or retrieval condition, resulting in a 2 (non-generation vs. generation) × 2 (non-

retrieval vs. retrieval) between-subjects design. 

Students in the retrieval condition completed a paper-based quiz titled "How exactly do 

you know that?" (available on OSF) without access to the learning material (closed-book 

approach, see Roelle, Endres, et al., 2023; for similar implementation, see McDermott et al., 

2014), following typical classroom-based retrieval formats (see Yang et al., 2021). The quiz 

included five questions addressing core concepts of image formation with converging lenses 

(for related core concepts, see Wörner et al., 2022), covering the same two learning objectives 

as the previous contents: the partly covered lens and the changing distance between the object 

and the lens, along with the resulting image formation. The first three questions were open-

ended (e.g., "How does a converging lens image an object?"; see Figure 18), the last two were 

multiple-choice. 

The sequence of questions followed a progression from abstract to concrete. This design 

encouraged a broad retrieval of knowledge by addressing many concepts at the beginning and 

gradually narrowing to focus on fewer, more specific concepts. It transitioned from recognition 

to recall and from minimal textual retrieval cues alone to a more extensive and detailed 

combination of textual and pictorial retrieval cues (see Endres et al., 2024; Yang et al., 2021). 

After completing the quiz, students received feedback by presenting the correct marked answer 

or in terms of the open-ended questions in form of correct idea units necessary for a complete 

answer (for similar approach, see e.g., Roelle, Froese, et al., 2022). 
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Figure 18 

Example Question From the Retrieval Quiz 
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5.6.5 Measures 

Data were collected on paper. As part of a larger research project, this study focuses on 

the variables relevant to its objectives (see Appendix A for a comprehensive list). 

5.6.5.1 Conceptual Knowledge 

To assess students' conceptual knowledge at pre-, post-, and delayed tests, we employed 

the validated ROC-CI test by Wörner et al. (2022), which included 15 multiple-choice items 

targeting understanding of converging lenses, with distractors reflecting common 

misconceptions (see Figure 19). Correct answers scored two points, partially correct ones one 

point (max = 30). To reduce recognition bias, answer options were randomized across all test 

phases. Two independent raters evaluated 20% of the responses (ICC2,1 = 0.99); one rater scored 

the remainder. The reliability of the test was satisfying (ωt = 0.68). 

 

Figure 19 

Sample Item From the ROC-CI Conceptual Knowledge Test on Converging Lenses 

 

Note. From Wörner et al. (2022). 
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5.6.5.2 Monitoring Accuracy 

To assess students' metacognitive monitoring accuracy, we asked the students to 

estimate their expected performance prior to each of the knowledge tests (pre-, post-, and 

delayed): "In the following you will answer 15 questions about the topic 'Imaging by converging 

lenses.' You can get two points per question. In total, you can score 30 points. How many points 

do you think you will get?" (e.g., Baars et al., 2017). Students responded on a scale from 0 to 

30, consistent with previous research (e.g., Jacob et al., 2022). Monitoring accuracy was 

calculated using a bias score10 (Schraw, 2009) by determining the difference between the 

predicted and actual scores (i.e., XJudgment – XPerformance), separately for each test time point. 

Negative values (minimum: -30) indicate underestimation, positive values (maximum: 30) 

overestimation, and zero perfect accuracy. 

5.6.5.3 Additional Control Measures 

Students' Prerequisites. To account for potential differences between experimental 

conditions, we assessed students' interest in physics (ωt = 0.85), physics work ethic (ωt = 0.77), 

academic self-concept in physics (ωt = 0.87), and ICT interest (ωt = 0.69). All constructs were 

measured with four items on a Likert scale from one "I completely disagree" to four "I 

completely agree" and adapted from Mang et al. (2018, 2019). 

Cognitive Load. Students rated cognitive load at two time points (after the teaching 

unit and the interventions), assessing active load (i.e., invested effort) and passive load (i.e., 

experienced load). Both aspects were assessed on a nine-point Likert scale from "not strenuous 

at all" to "very strenuous" (Klepsch & Seufert, 2021; Paas, 1992). 

 
10 In our preregistration, we inadvertently used the term 'absolute' in the detailed description of the bias measure 

for monitoring accuracy. To maintain transparency and uphold scientific rigor, we have acknowledged this 

wording error. This aligns with Lakens' (2024) recommendation that addressing preregistration errors openly 

enhances the validity of the analysis. 
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Affect. After the teaching unit, students rated their arousal and mood (Betella & 

Verschure, 2016) on two Likert scales from one "sleepy/bored" to nine "wide awake/focused" 

(arousal) and from one "sad/in a bad mood" to nine "happy/in a good mood" (mood). 

Teaching Quality. To ensure high implementation fidelity, students evaluated the 

teaching quality immediately after the teaching unit, rating cognitive activation (ωt = 0.78), 

student disturbances (ωt = 0.85), teacher monitoring (ωt = 0.85), and teacher support (ωt = 0.84). 

Scales were adapted from Fauth et al. (2014), Baumert et al. (2012), and Mang et al. (2019) and 

used four-point Likert scales from one "I completely disagree" to four "I completely agree". 

5.6.6 Procedure 

The study received approval from the university's ethics committee and the local 

Ministry of Education. Participation was voluntary, and data was collected only from students 

with written consent from their legal guardians. A summary of the procedure is presented in 

Figure 20. 

About a week before the teaching unit, the first author visited each school class to 

introduce the study and administer the pretest (approx. 30 minutes), assessing students' 

demographics, prerequisites, prior conceptual knowledge, and monitoring accuracy. 

One week later, the first author, a certified physics teacher with 10 years of experience, 

conducted the main study part. Students were introduced to converging lenses (15 minutes), 

received an overview sheet, and performed experiments guided by a worksheet (30 minutes). 

During this phase, student-teacher interactions resembled typical physics lessons, allowing for 

guidance when needed. The session concluded with a review of experimental results. 

Afterwards, students completed a questionnaire on cognitive load, affect, and teaching quality 

and were then randomly assigned to one of four conditions: non-generation + non-retrieval, 

non-generation + retrieval, generation + non-retrieval, or generation + retrieval.  
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During the learning activity phase (time-on-task 15 minutes), students either taught the 

contents to a fictitious peer (generation) or restudied the material (non-generation). Groups 

were separated, and students in the generative condition wore ear protectors. All had access to 

the material to minimize potential retrieval confounds (Roelle, Endres, et al., 2023; Sibley et 

al., 2022). 

During the subsequent retrieval practice phase (time-on-task 10 minutes), students 

either completed a paper-based retrieval quiz (retrieval) or restudied the material (non-

retrieval). To prevent distractions, groups were separated. Quiz takers received a prompt after 

two minutes to proceed to the next question and were not allowed to skip questions or revise 

answers (for similar approach, see McDermott et al., 2014). Then, students received feedback 

on their retrieval task. 

Finally, all students took the immediate posttest (approx. 20 minutes). The delayed 

posttest followed approximately eight weeks later. 
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Figure 20 

Design and Procedure of the Study 

 

 

5.6.7 Analysis of Students' Explanations, Drawings, and Restudy Notes 

Explanations, drawings, and restudy notes were coded for completeness, elaboration, 

and correctness as indicators of underlying cognitive processes (see also Fiorella & Kuhlmann, 

2020; Hoogerheide, Renkl, et al., 2019; Schmidgall et al., 2019). Interrater reliabilities of 20% 
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of the data were excellent (0.92 ≤ ICC2,1 ≤ 1.00). The detailed analysis scheme is accessible at: 

https://osf.io/cr5yn/?view_only=453ffd61cdd0444c9ba108296b21c8c3. 

5.6.8 Analysis of Students' Retrieval Quiz 

We analyzed how many core concepts students recalled during the retrieval task. A 

maximum of 13 core concepts could be retrieved in total (for core concepts, see Wörner et al., 

2022). Interrater reliability for 20% of the coding was excellent (ICC2,1 = 0.92−1.00). The 

detailed coding scheme is available at: 

https://osf.io/cr5yn/?view_only=453ffd61cdd0444c9ba108296b21c8c3. 

5.6.9 Data Analyses 

To test our preregistered hypotheses, we used structural equation modeling (SEM) with 

the lavaan package (Rosseel, 2012) in R (version 4.4.3; R Core Team, 2025), controlling for 

students' prior conceptual knowledge or prior monitoring accuracy. We also explored whether 

completeness, elaboration, and correctness of explanations or restudy notes moderated effects 

within SEM (Appendix B). 

Although our preregistration specified multiple imputation, we chose Full Information 

Maximum Likelihood (FIML) because it uses all available data to estimate model parameters 

without generating multiple datasets, reducing bias and preserving power, especially in small 

to moderate samples (Enders, 2022; Newman, 2003). Compared to multiple imputation, FIML 

more directly models missingness and yields more precise and efficient estimates with lower 

computational complexity (Graham, 2009). 

Accordingly, we used SEM instead of our preregistered ANCOVAs. This allowed us to 

model multiple dependencies simultaneously, account for measurement error, and address the 

nested data structure (students nested within classes and schools) via multilevel modeling with 

cluster-robust standard errors. SEM also enabled an integrated analysis of direct and interaction 

effects while handling missing data robustly (Little, 2024; J. Wang & Wang, 2020).  

https://osf.io/cr5yn/?view_only=453ffd61cdd0444c9ba108296b21c8c3
https://osf.io/cr5yn/?view_only=453ffd61cdd0444c9ba108296b21c8c3
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Our decision to deviate from the preregistered 2×2 ANCOVAs and multiple imputation 

aligns with recommendations by Lakens (2024) to prioritize methodological rigor when 

alternative approaches provide more precise and robust inferences. 

5.7 Results 

The preregistration, dataset, analyses, and supplementary material can be accessed at: 

https://osf.io/cr5yn/?view_only=453ffd61cdd0444c9ba108296b21c8c3. Effect sizes were 

reported using Cohen's d, partial ηp
2 , and φ, with thresholds defined as follows: small effects (d 

= .20, ηp
2  = .01, φ = .10), medium effects (d = .50, ηp

2  = .06, φ = .30), and large effects (d = .80, 

ηp
2  = .14, φ = .50; see Cohen, 2013). The significance level was set at α = .05.  

5.7.1 Preliminary Analysis 

Our boxplot analysis showed no indication of outliers in the data. Further preliminary 

analyses revealed that conditions (non-generation + non-retrieval, non-generation + retrieval, 

generation + non-retrieval, generation + retrieval) did not differ regarding gender, χ² (6, 344) = 

4.58, p = .598, φ  = .12, or first language, χ² (6, 344) = 10.45, p = .107, φ  = .18. A MANOVA 

indicated no significant differences between the conditions in terms of students' age, interest in 

physics, physics work ethic, academic self-concept in physics, ICT interest, prior conceptual 

knowledge, and prior monitoring accuracy, F(3,344) = 0.82, p = .700, φ = .02. A second 

MANOVA revealed no significant differences in students' cognitive load, students' affect, and 

perceived teaching quality regarding the teaching unit, F(3,344) = 0.98, p = .486, φ = .02. 

Appendix B provides the mean scores and standard deviations for each condition, while 

correlations between the variables are presented in Appendix C. 

As an implementation check, we compared the characteristics of restudy notes and 

generated explanations from the generative learning activity phase. Explanations were more 

complete (β = .20, p = .030), more elaborated (β = .79, p < .001), but not more correct (β = –

https://osf.io/cr5yn/?view_only=453ffd61cdd0444c9ba108296b21c8c3
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.22, p = .167) than restudy notes. Students in the retrieval practice condition retrieved an 

average of 5.59 out of 13 possible core concepts during the quiz (SD = 0.91).  

After the interventions, students in the retrieval condition reported higher actively 

invested effort than those in the non-retrieval condition (β = .35, p = .028), while no significant 

differences emerged between non-generation and generation (β = .27, p = .150). Post-hoc tests 

revealed that students who both generated and retrieved reported more effort than those who 

did neither (β = .47, p = .019). For passively experienced load, both generation (β = .45, p = 

.002) and retrieval (β = .44, p = .026) led to higher ratings. Students who engaged in generation 

and retrieval reported more passive load than those who did neither (β = .60, p = .001), as did 

those who only retrieved (β = .42, p = .038) or only generated (β = .47, p = .017). 

5.7.2 Does Engaging in a Generative Learning Activity Enhance Immediate and Lasting 

Learning? 

In contrast to our generation hypothesis (H1), generative learning did not lead to higher 

conceptual knowledge or improved monitoring accuracy compared to non-generative learning. 

No main effect of generation was detected at either the immediate or delayed posttest after eight 

weeks (.093 ≤ p ≤ .969; see Appendix D). 

5.7.3 Does Retrieval Practice Enhance Immediate and Lasting Learning? 

Contrary to our retrieval hypotheses (H2, H3), retrieval practice did not significantly 

improve conceptual knowledge or monitoring accuracy. No main effect of retrieval was 

detected at either the immediate or delayed posttest (.307 ≤ p ≤ .783; see Appendix D). 

5.7.4 Does the Sequential Combination of a Generative Learning Activity and Retrieval 

Practice Yield Synergistic Effects on Immediate and Lasting Learning? 

Against our interaction hypothesis (H4), sequentially combining generation and 

retrieval did not result in synergistic effects on conceptual knowledge or monitoring accuracy. 
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No interaction effect was detected at either the immediate or delayed posttest (.268 ≤ p ≤ .726; 

see Appendix D). 

5.7.5 Does the Effectiveness of Retrieval Practice Depend on the Quality of Students' 

Generative Processing? 

The effectiveness of sequentially combining generation and retrieval may depend on the 

quality of the mental representations constructed during the initial phase (Roelle, Endres, et al., 

2023). Retrieval is only likely to be effective if it builds on sufficiently accurate and elaborated 

mental representations (Roelle, Endres, et al., 2023), which might explain why the sequential 

combination of generation and retrieval did not yield overall synergistic effects. Therefore, we 

explored whether the completeness, elaboration, and correctness of students' restudy notes or 

explanations moderated the effect of retrieval practice on conceptual knowledge. Separate 

models were estimated for each characteristic to avoid multicollinearity and preserve statistical 

power (Aguinis, 1995; for correlations, see Appendix C; for full model results, see Appendix 

E). 

Across all three characteristics, the three-way interactions between generation, retrieval, 

and the respective characteristic were not significant for immediate learning (.201 ≤ p ≤ .738) 

but reached significance for lasting conceptual knowledge after eight weeks (.002 ≤ p ≤ .007). 

Interaction plots (see Figure 21) revealed a consistent pattern: For students in the generative 

conditions, those with low to moderate levels of completeness, elaboration, or correctness 

benefited more from retrieval practice than those with high levels. In contrast, within the non-

generative conditions, retrieval practice did not yield consistent learning benefits—regardless 

of the level of completeness, elaboration, or correctness. 
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Figure 21 

Moderation of Completeness, Elaboration, and Correctness on Lasting Conceptual Knowledge 

in Generative and Non-Generative Conditions 
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5.8 Discussion 

In this experimental classroom study in authentic physics lessons, we aimed to 

investigate whether the combination of a generative activity and retrieval practice enhances 

conceptual knowledge and monitoring accuracy, both immediately and after a delay of eight 

weeks. Additionally, we explored the quality of generative processes as potential moderators of 

the effectiveness of subsequent retrieval practice.  

Despite the rationale for combining generative activities and retrieval practice, the 

current study did not reveal significant main effects of generation, retrieval, or a synergistic 

effect of their sequential combination on students' conceptual knowledge or monitoring 

accuracy, neither immediately nor after a delay of eight weeks (H1-4). These findings diverge 

from prior research that has demonstrated individual benefits of generative learning and 

retrieval practice in more controlled environments (see Adesope et al., 2017; Kobayashi, 2024), 

as well as in authentic classroom contexts (e.g., blinded authors, 2025, accepted). Laboratory 

settings typically differ from authentic classrooms in terms of study populations and contextual 

factors such as learner diversity, environmental distractions, and social dynamics (e.g., 

Dinsmore & Alexander, 2012), and even classroom environments may vary considerably in 

these respects. Moreover, the impact of retrieval practice may depend on how students engaged 

in the generative activity. If this activity failed to produce a sufficiently elaborated and well-

integrated knowledge base—for example, due to superficial processing or misconceptions— 

retrieval may not have had an impact on learning outcomes. In other words, the success of 

retrieval practice may have depended not only on storage strength (Roediger & Butler, 2011) 

but also on the quality of what students retrieved (see also Roelle, Endres, et al., 2023).  

Therefore, we explored whether the effectiveness of retrieval practice depended on how 

well students had engaged in the generative activity, based on the quality of the generated 

explanations (i.e., completeness, elaboration, and correctness). None of the three-way 
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interactions were significant for immediate learning. However, after eight weeks, all three 

characteristics consistently influenced the effects: Retrieval practice benefited students whose 

generative processing had been of rather low quality, whereas those with high-quality 

explanations showed no additional gains. 

Retrieval practice following a generative activity appeared to be most effective when 

the generative processing had not yet resulted in sufficiently coherent knowledge. Rather than 

merely reinforcing existing representations, as proposed by Roelle et al. (2023), retrieval may 

have served as a form of productive struggle: It required students to reconstruct and consolidate 

fragmented representations, thereby enhancing long-term retention. This interpretation may 

reflect the notion of desirable difficulties (Bjork & Bjork, 2011), which suggests that effortful—

but ultimately successful—processing promotes lasting learning. Supporting this view, students 

who both generated and retrieved, reported higher levels of invested effort than those who did 

neither. In this happy sense, retrieval practice may have helped students revisit, refine, and 

stabilize initially fragile mental representations resulting from the generative activity, turning 

them into more durable knowledge. 

The lack of additional benefits among students who had already produced highly 

complete, elaborated, and correct explanations may reflect a redundancy effect: When 

generative processing has already led to sufficiently coherent knowledge, additional retrieval 

practice may no longer enhance learning. According to cognitive load theory, reprocessing well-

integrated information can impose unnecessary demands, as learners must monitor and sort 

through redundant input—thereby increasing extraneous cognitive load and impairing learning 

efficiency (Sweller et al., 2011). Supporting this view, both the generative and retrieval tasks in 

our study targeted the same learning objectives. Moreover, students who both generated and 

retrieved reported higher experienced cognitive load than those who did neither—and also more 

than those who only generated. This pattern aligns with prior research showing redundancy 

effects in feedback settings (e.g., Fyfe & Rittle-Johnson, 2016; Wagner et al., 2024) and 
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suggests that similar effects may also arise in the context of subsequent generative and retrieval 

activities. 

Taken together, our findings suggest that retrieval practice following a generative 

activity can be either happy or redundant, depending on the quality of students' generative 

processing—either compensating for initially fragile representations or yielding no observable 

learning gains when prior processing has already produced coherent knowledge. Perhaps it 

would have been helpful if students had engaged in repeated cycles of generation and retrieval 

across multiple sessions, as sustained engagement over time may be more effective in fostering 

learning (Rawson & Dunlosky, 2022; see also Larsen et al., 2013). It is also important to 

consider that instructional designs involving generation and retrieval may not benefit all 

students equally (see also Snow, 1991). Future research should therefore explore how to best 

tailor generative and retrieval-based activities to students' needs to maximize their potential in 

authentic classroom settings. 

5.8.1 Study Limitations and Future Research 

The present study was conducted in authentic classroom settings, which enhances 

ecological validity but also introduces limitations that may constrain the generalizability of the 

findings. We made considerable efforts to ensure consistent instructional quality and 

standardized procedures across all classes; for instance, all lessons and study phases were 

conducted personally by the first author, who is both a physics teacher with ten years of 

experience and a researcher. While this ensured fidelity of implementation, it remains unclear 

whether the observed patterns would replicate with different teachers or under more typical 

school conditions. Moreover, we focused on physics in seventh and eighth grade classes, and 

prior research has shown that subject matter characteristics and students' developmental 

differences may interact with learning activities (see, e.g., Brod, 2021; Sibley et al., 2024). 

Future research should therefore examine whether similar effects emerge when interventions 
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are implemented by the students' regular teachers, and whether they generalize to other 

disciplines such as mathematics or language learning and to students across different age 

groups. 

The study employed a generation-before-retrieval sequence, following theoretical 

assumptions about mental model construction and knowledge consolidation (Roelle, Endres, et 

al., 2023). However, recent work suggests that retrieval-before-generation may reduce 

cognitive load and foster attention to key concepts, thereby supporting subsequent generative 

processing (Roelle, Froese, et al., 2022). Future studies should systematically compare different 

sequencing approaches (generation-before-retrieval vs. retrieval-before-generation) to 

determine their relative effectiveness under diverse instructional conditions. 

Finally, the generative learning activity in this study involved a combination of non-

interactive teaching and drawing. While prior research has demonstrated the benefits of this 

combination (e.g., Fiorella & Kuhlmann, 2020; blinded authors, b), other generative activities 

such as enacting have also shown promise in fostering learning (Novack & Goldin-Meadow, 

2015). Future research could explore the potential synergistic effects of alternative generative 

activities in combination with retrieval practice to identify which combinations are effective for 

supporting learning in authentic settings. 

5.9 Conclusion 

In our classroom study with an immediate and a delayed posttest eight weeks later, we 

investigated the effects of combining a generative activity with subsequent retrieval practice in 

authentic physics lessons. While neither generation, retrieval, nor their sequential combination 

yielded significant main effects on students' conceptual knowledge or monitoring accuracy, 

exploratory analyses revealed that the quality of students' generative processing played a 

moderating role. Retrieval practice particularly supported lasting learning when students' prior 

explanations were incomplete, less elaborated, or contained inaccuracies, but did not enhance 
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learning when explanations were already of high quality. These findings suggest that the 

effectiveness of retrieval practice is not universal, but contingent on the cognitive conditions it 

builds upon. In this sense, whether the combination of generation and subsequent retrieval turns 

out to be happy or redundant in classroom practice may ultimately depend on the quality of 

students' prior generative engagement. These insights highlight the importance of considering 

students' processing and the fact that instructional effectiveness is not one-size-fits-all. 
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6 General Discussion 

This final chapter summarizes the central findings of the three empirical classroom 

studies and situates them within prior research and the Offer–Use Model of Teaching for 

Students' Non-Interactive Teaching (Figure 22). The goal is to reflect on how the results 

contribute to answering the overarching research question and what implications they hold for 

refining the Offer–Use Model of Teaching for Students' Non-Interactive Teaching, 

understanding learning processes in authentic classroom settings, and informing educational 

research and practice more broadly, including contexts that serve students from disadvantaged 

backgrounds and schools in socially deprived areas. 

6.1 Discussion of the Results 

The following section begins by summarizing the main empirical findings across the 

three studies. These findings are then interpreted in light of the Offer–Use Model of Teaching 

for Students' Non-Interactive Teaching and discussed in relation to prior research on generative 

learning and retrieval practice. Given that all studies were conducted in inquiry-based, authentic 

classroom settings, special attention is given to interpreting the results within their educational 

context. Finally, implications for expanding and refining the Offer–Use Model of Teaching for 

Students' Non-Interactive Teaching are derived. 

6.1.1 Summary of the Results 

This dissertation investigated how the generative learning activity of non-interactive 

teaching can be optimized regarding students' conceptual knowledge and monitoring accuracy 

in inquiry-based authentic science lessons, in terms of immediate and lasting learning. Three 

empirical classroom studies tested theoretically and empirically grounded instructional 

modifications of non-interactive teaching, focusing on drawing, distribution, and retrieval 

practice. 
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Study 1 investigated whether non-interactive teaching can be enhanced by adding 

drawing, with regard to students' conceptual knowledge and monitoring accuracy. Results 

showed that non-interactive teaching had an effect on immediate conceptual knowledge, which 

was further improved when students processed a provided picture and improved even more 

when they generated their own drawing. No significant effects were found on lasting learning 

outcomes or monitoring accuracy. Exploratory mediation analyses suggested that task-specific 

motivation and the completeness of students' explanations partially accounted for the observed 

learning effects. 

Study 2 investigated whether non-interactive teaching can be enhanced by distributing 

the learning activity throughout the study phase, with respect to students' conceptual 

understanding and monitoring accuracy. The results showed no overall effect of distribution. 

However, exploratory analyses of potential interactions between non-interactive teaching and 

distribution suggested that non-interactive teaching was effective only when implemented once 

after the study phase, but not when distributed throughout. Exploratory moderation analyses 

indicated that the effectiveness of non-interactive teaching on immediate conceptual knowledge 

was associated in part with individual student characteristics such as academic self-concept and 

work ethic—however, only in the after-study condition, not in the distributed one. In the after-

study condition, students with higher levels of academic self-concept or work ethic benefited 

more from the generative conditions compared to restudying. For immediate monitoring 

accuracy, students in the restudy condition numerically overestimated their knowledge, while 

those in the generative conditions significantly underestimated their performance. No effects 

emerged for lasting outcomes. Moreover, adding drawing to non-interactive teaching did not 

yield further benefits beyond non-interactive teaching alone. 

Study 3 investigated whether non-interactive teaching can be enhanced by sequentially 

combining it with retrieval practice, with respect to students' conceptual understanding and 

monitoring accuracy. Contrary to the hypotheses, no main effects of generation, retrieval, or 
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their sequential combination were observed on either immediate or lasting conceptual 

knowledge or monitoring accuracy. However, exploratory moderation analyses revealed that 

the effectiveness of retrieval practice depended on the quality of prior generative processing. 

Specifically, students with lower levels of completeness, elaboration, or correctness in their 

generative activity benefited more from subsequent retrieval practice than those with high-

quality generative output. This pattern emerged consistently for lasting conceptual knowledge, 

but not for immediate outcomes. 

6.1.2 Situating the Results Within Prior Research and the Offer-Use Model of Teaching for 

Students' Non-Interactive Teaching 

The results of Study 1 showed that non-interactive teaching could be enhanced by 

combining it with drawing; this combination improved students' immediate conceptual 

knowledge. These results align with previous findings from laboratory studies with university 

students, suggesting that adding visual generative activities can deepen understanding (Fiorella, 

2023a; Fiorella & Kuhlmann, 2020). However, they also contrast with findings by Fiorella 

(2023a), who reported that non-interactive teaching with provided visualizations resulted in 

higher drawing test performance than the combination of teaching and drawing. It should be 

noted, however, that Fiorella's study was not conducted in an authentic, inquiry-based 

classroom setting, as was the case in the present first study. In addition, no specific drawing test 

was administered in our study, limiting direct comparability of this outcome. From the 

perspective of the Offer–Use Model of Teaching for Students' Non-Interactive Teaching (see 

Figure 22), the additional drawing component represents a more elaborated offer, which appears 

to facilitate deeper cognitive engagement during non-interactive teaching. The partial mediation 

by motivation and explanation quality highlights that student-related factors and active use of 

the offer are essential for its effectiveness. These findings support the model's assumption that 
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teaching success results from a reciprocal relationship between the offer and the way it is taken 

up by the student, rather than from the offer alone (see also Vieluf et al., 2020). 

Study 2 investigated whether non-interactive teaching can be enhanced by distributing 

the activity across multiple points within the study phase. The findings showed no overall 

advantage of distribution for conceptual understanding or monitoring accuracy. Exploratory 

analyses indicated that non-interactive teaching was only effective when implemented once 

after the study phase. These findings contrast with earlier results by Lachner et al. (2020), who 

reported benefits of interpolating non-interactive teaching once during the study phase. 

However, that study was conducted in a laboratory setting with university students, using only 

one teaching opportunity, and did not investigate distribution across multiple points in time. 

The present results also contrast with assumptions drawn from related interpolated testing 

research (Pan et al., 2024), which has highlighted the benefits of inserting testing at multiple 

points. In the present second study, however, such benefits did not generalize to generative 

activities like non-interactive teaching when implemented repeatedly within the complexity of 

authentic inquiry-based classroom settings. From the perspective of the Offer–Use Model of 

Teaching for Students' Non-Interactive Teaching (see Figure 22), these findings suggest that 

simply increasing the frequency of an offer does not ensure its effective use. The modification 

implemented in Study 2 may have unintentionally altered other aspects of teaching. For 

example, it may have disrupted the coherence of the inquiry sequence or increased the cognitive 

demands of the task, which could have affected how the offer was taken up by students. The 

observed moderation effects of academic self-concept in physics and physics work ethic—

limited to the after-study condition—underscore the model's assumption that teaching success 

emerges from the interaction between teacher, student, and subject matter, and is shaped by 

students' learning prerequisites. This also illustrates the complexity of teaching processes in the 

classroom (see also Vieluf et al., 2020). The fact that students' prior knowledge did not moderate 

the effects of non-interactive teaching (for similar results, see Jacob et al., 2022; J. Richter et 
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al., 2022) may be due to the adaptable nature of this generative learning activity (Brod, 2024). 

Importantly, this presents a chance to enable learning success among students with limited prior 

knowledge—an aspect that may be particularly beneficial for those from disadvantaged 

backgrounds (see also Klein, 2017). Accordingly, non-interactive teaching represents an offer 

that enables students to process contents in ways that align with their individual prior 

knowledge—thereby supporting a form of domain-specific co-construction within the teaching 

context. However, this possible mechanism—namely the adaptive processing of teaching offers 

based on prior knowledge—is not explicitly represented within the current formulation of the 

Offer–Use Model of Teaching for Students' Non-Interactive Teaching (Figure 22). 

Study 3 investigated whether non-interactive teaching can be enhanced by sequentially 

adding retrieval practice. Although no overall benefits emerged across all students, exploratory 

analyses revealed a targeted effect on lasting conceptual knowledge: students who had 

previously produced low-quality generative explanations benefited substantially from the 

subsequent retrieval activity. The present results contrast with theoretical assumptions and 

previous research reporting overall benefits of sequentially combining generative and retrieval-

based learning activities (e.g., Larsen et al., 2013; Obergassel et al., 2025; see also Roelle, 

Endres, et al., 2023). In contrast to these laboratory-based studies, the present study 

implemented a sequential combination of non-interactive teaching and retrieval practice in an 

inquiry-based authentic school setting. Exploratory analyses indicated that this combination 

was particularly beneficial for students who had previously produced low-quality generative 

explanations, suggesting that the success of such combinations may hinge on the quality of 

prior processing and possibly on additional factors inherent to complex classroom environments 

(see also Figure 22). From the perspective of the Offer–Use Model of Teaching for Students' 

Non-Interactive Teaching (see Figure 22), this pattern suggests that teaching offers may interact 

dynamically across time. The effectiveness of retrieval depended not solely on its design as an 
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offer, but on the quality of preceding student processing—that is, how deeply the initial offer 

(i.e., non-interactive teaching) was used. This finding is particularly relevant in light of the SOI 

model of generative learning (Fiorella & Mayer, 2016), which conceptualizes meaningful 

learning as the integration of selected and organized information into existing knowledge 

structures. In the adapted model (Figure 22), these internal learning processes are explicitly 

represented. The results suggest that retrieval may support this integration step particularly 

when initial processing was insufficient, thus promoting long-term consolidation. At present, 

the model does not explicitly account for such time-sensitive teaching interdependencies, nor 

for compensatory effects based on prior processing quality—offering a promising direction for 

theoretical refinement. 

Taken together, the results across the three studies offer important insights into the 

optimization of non-interactive teaching within inquiry-based, authentic science instruction. 

From the perspective of the Offer–Use Model of Teaching for Students' Non-Interactive 

Teaching (Figure 22), they demonstrate that teaching success cannot be attributed to the 

teaching offer alone, but emerges from the complex interplay between offer, student-related 

factors, and teaching context. Each modification—drawing, distribution, and retrieval—served 

as a theoretically and empirically grounded variation of the teaching offer and revealed specific 

affordances and limitations. While the combination with drawing improved immediate 

conceptual knowledge and the addition of retrieval practice proved beneficial for students with 

low-quality generative explanations regarding lasting conceptual knowledge, the distribution 

of non-interactive teaching showed no overall advantage. These results highlight that the 

optimization of non-interactive teaching is possible, but not universally effective across all 

students or design formats. Instead, the findings point to the importance of teaching coherence, 

individual learner characteristics, and the quality of prior cognitive processing in shaping 

whether and how teaching offers are successfully taken up and used. In this sense, the present 

work provides a differentiated answer to the overarching research question by demonstrating 
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that optimizing non-interactive teaching requires not only strong instructional design, but also 

a deeper understanding of how students engage with and respond to the teaching offer in 

complex authentic classroom settings. 
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Figure 22 

Offer-Use Model of Teaching for Students' Non-Interactive Teaching With Results From Study 1, 2, and 3 

Note. Adapted from Vieluf et al. (2020) and Fiorella & Mayer (2016). 
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6.1.3 Implications for the Offer–Use Model of Teaching for Students' Non-Interactive 

Teaching 

The results across the three studies provide clear evidence that optimizing non-

interactive teaching is, in principle, possible. However, they also reveal that such optimization 

is not equally effective across teaching contexts and for all students. While certain 

modifications—such as combining non-interactive teaching with drawing or retrieval—proved 

beneficial in specific contexts or for specific learners, others showed no overall advantage or 

only helped students with particular learning characteristics. These differentiated effects 

suggest that the same teaching offer may be taken up and used very differently, depending on 

the student, the design, and the surrounding teaching conditions. 

These results suggest that the current Offer–Use Model of Teaching for Students' Non-

Interactive Teaching (Figure 3) does not sufficiently capture potentially relevant influencing 

factors and relationships specific to non-interactive teaching. For example, prior research has 

shown that parental involvement in school-related processes is associated with students' 

academic achievement and motivation (see Täschner et al., 2021), which may also influence 

the effectiveness of non-interactive teaching in the classroom context. Moreover, existing 

studies have shown that the effectiveness of non-interactive teaching may vary depending on 

the subject domain (Sibley et al., 2024) and the age of learners (Brod, 2021). Additionally, 

contextual factors at the school level may shape whether and how students can benefit from 

teaching activities such as non-interactive teaching. For example, in schools in socially deprived 

areas, students may face language-related challenges—particularly if many of the students have 

a migration background (Klein, 2017). These challenges may already impair early phases of 

learning, such as the selection and encoding of information in sensory memory, and may 

subsequently affect all downstream processes. Such difficulties could influence the uptake and 
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use of teaching offers, students' motivation, the co-construction process including non-

interactive teaching, and ultimately, students' learning outcomes. 

Following these considerations, the present Offer–Use Model of Teaching for Students' 

Non-Interactive Teaching (Figure 3) is expanded to include an outer contextual framework—

encompassing, for example, the students' direct social environment and the school context (see 

Figure 23). This extension is in line with the broader conception of teaching proposed by Vieluf 

et al. (2020), which emphasizes that teaching interactions are embedded in and shaped by 

multiple layers of systemic, institutional, and social conditions. 

These additional contextual layers do not alter the internal logic of the original model, 

but they expand its explanatory scope. By explicitly integrating factors such as the school 

environment, family-related influences, and broader social or structural conditions, the model 

becomes better equipped to account for the variability observed in how teaching offers are taken 

up and used. In light of the present findings, such contextual framing is particularly relevant: 

whether a given teaching offer—including non-interactive teaching—is effective may depend 

not only on its design and implementation, but also on the conditions under which it is received 

and enacted in real classroom settings. The adapted model thus allows for a more ecologically 

valid representation of teaching processes and helps explain why the same learning activity may 

lead to different outcomes across schools, classrooms, or student groups. 

It is therefore essential not to view the generative learning activity of non-interactive 

teaching—situated within the teaching offer—in isolation, but rather as one element within a 

dynamic and adaptive system. All levels and their respective components interact with one 

another. If certain factors within the model change, the learning activity of non-interactive 

teaching may need to be adjusted accordingly—and vice versa. For example, if tablets are no 

longer available at a given school, this may require adapting the implementation of non-

interactive teaching (see Studies 1, 2, and 3 in this dissertation), which in turn could affect 
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students' actions, their motivation, their learning processes, and ultimately, their learning 

outcomes. 

However, the Expanded Offer–Use Model of Teaching for Students' Non-Interactive 

Teaching (Figure 23) reaches its limits when it comes to representing temporal and processual 

dynamics. If one were to depict varying emphases, interactions, and influencing factors—

depending on their relative dominance and intensity—through proportionally scaled elements, 

the model would need to be visualized multiple times to reflect, for instance, different stages of 

the learning process. Ideally, it would take the form of a dynamic, video-like representation. 

Such a dynamic representation would allow for modeling, for example, how teaching offers 

unfold across multiple phases of a learning sequence, how their effects vary depending on 

previous engagement, and how students' use of the offers may change over time. Moreover, a 

dynamic model would allow for tracing how immediate learning can evolve into lasting 

learning over time. This perspective could help account for differential uptake, process quality, 

and learner-internal variability—factors that are central to understanding why the same learning 

activity may lead to diverse outcomes across individuals and contexts.  

As with any model, the Expanded Offer-Use Model of Teaching for Students' Non-

Interactive Teaching (Figure 23)—whether static or dynamic—inevitably entails a reduction of 

teaching complexity and captures only selected aspects of teaching, learning, and contextual 

factors. Looking ahead, it may be worthwhile to consider how the concept of teaching quality 

could be more obviously integrated into future iterations of the model, as previous research has 

demonstrated that teaching quality is a central determinant of student learning outcomes (e.g., 

Alp Christ et al., 2022; see also Holzberger & Schiepe-Tiska, 2021). 

Within the current model (see Figure 23), the concept of learning has so far been 

grounded in the tradition of teaching and learning research, focusing primarily on students' 

performance (e.g., as in the SOI model of generative learning; Fiorella & Mayer, 2016). 
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However, in light of the Expanded Offer–Use Model of Teaching for Students' Non-Interactive 

Teaching (Figure 23), this narrow understanding appears no longer sufficient. Once broader 

contextual factors and processes are considered, it becomes necessary to adopt a more holistic 

and pedagogically grounded conception of learning—one that does not reduce learning to 

performance outcomes alone (see also Praetorius & Gräsel, 2021). In line with Vieluf et al. 

(2020), it is more appropriate to speak of multidimensional educational outcomes (see Figure 

23), which include but are not limited to students' academic performance. This broader 

understanding is particularly relevant for modeling and evaluating non-interactive teaching as 

a generative activity within real-world classroom settings. From a pedagogical perspective, 

learning also involves engaging with the contents in a way that shapes how students relate to 

themselves and the world (Göhlich et al., 2014). It includes personal development, the 

formation of values and attitudes, critical reflection, and the ability to take informed action. 

Moreover, it encompasses interest in the subject matter, the development of learning strategies 

(learning how to learn), and the ability to engage meaningfully with societal questions and 

challenges. In this sense, learning is not only about what students know, but also about who 

they become in the process of acquiring and applying that knowledge (Göhlich et al., 2014; 

Lazarides & Raufelder, 2025). Ultimately, such a broadened perspective on learning aligns with 

the educational and developmental mission of schools, which are not solely tasked with 

fostering academic achievement, but also with supporting the holistic growth and maturation 

of the students. Understanding non-interactive teaching in this broader educational sense may 

thus help clarify its role not only in fostering conceptual knowledge, but also in contributing to 

the wider goals of education. 
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Figure 23 

Expanded Offer-Use Model of Teaching for Students' Non-Interactive Teaching 

Note. Adapted from Vieluf et al. (2020) and Fiorella & Mayer (2016). 



170                                                                                                      GENERAL DISCUSSION 

 

6.2 Implications for Educational Research 

Building on the results discussed above and their theoretical embedding within the 

Expanded Offer–Use Model of Teaching for Students' Non-Interactive Teaching (Figure 23), 

the present section reflects on the broader implications of this dissertation for educational 

research. Specifically, it addresses how this dissertation could contribute to future research 

agendas, offer methodological perspectives on the study of teaching and learning in authentic 

classroom contexts, and advance conceptual developments in the field. 

6.2.1 Relevance and Placement Within the Field 

Research on non-interactive teaching is still frequently conducted in laboratory settings 

with university students (e.g., Fiorella & Mayer, 2013, 2014; Hoogerheide et al., 2014), or—

less commonly—in classroom laboratories with school students (e.g., Jacob et al., 2022) or in 

school contexts without curricular integration (e.g., Hoogerheide, Visee, et al., 2019). While 

these approaches offer advantages in terms of experimental control and internal validity, they 

raise questions about ecological validity and generalizability when it comes to learning 

processes in real school contexts. 

If the goal is to draw meaningful conclusions about students' learning in schools, then 

research should ideally be conducted within the authentic settings in which that learning occurs. 

Compared to controlled laboratory conditions, classrooms typically involve more 

heterogeneous student populations, more complex social dynamics, and a range of situational 

influences that cannot easily be simulated (e.g., Dinsmore & Alexander, 2012; see also Figure 

23). These contextual factors may not only affect how learning activities are implemented, but 

also whether and how students engage with them—ultimately influencing the outcomes 

observed. 

Conducting classroom-based research undoubtedly requires considerable effort: it 

involves—for example—securing various permissions and consents, coordinating with school 



GENERAL DISCUSSION  171 

 

 
 

leadership and teachers, aligning with school schedules, preparing curricular materials, 

conducting related lessons and research, and managing logistical challenges. Nonetheless, in 

order to generate findings that are both robust and relevant for practice, this effort is essential. 

In this respect, educational research and educational practice must work together more closely 

to ensure that research reflects the complexity of teaching and learning in authentic school 

settings. 

Against this backdrop, the present dissertation responds to the need for ecologically 

valid research by systematically investigating non-interactive teaching in authentic classroom 

settings. All three studies were embedded in regular science lessons at secondary schools and 

thus contribute novel, context-sensitive findings to the field. 

6.2.2 Methodological Reflections on Research in Authentic Classroom Settings 

The present dissertation contributes to the body of research that aims to investigate 

teaching processes within authentic school settings. Compared to laboratory studies, research 

in real classrooms allows for more ecologically valid insights into how learning activities unfold 

under typical conditions. However, it also poses substantial methodological challenges—

particularly regarding the extent to which research designs interfere with the natural dynamics 

of teaching. 

This tension became particularly evident in Study 2 of this dissertation following a 3 × 

2 between-participants design (learning activity × timing), where two experimental groups 

within one class followed different timelines during the lesson, separated by partitions in the 

same classroom. Moreover, for the learning activity the students of these experimental groups 

were randomized to one of three learning activities, which were also conducted in the same 

classroom. While this design allowed for controlled comparisons, it also represented a 

considerable structural intrusion into the teaching flow. Such intrusions may possibly affect, for 

example, students' sense of the coherence of teaching, social interactions, peer dynamics, or 
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motivation which—compared to fully authentic classroom settings—could lead to potentially 

biased data on learning outcomes. Consequently, researchers must carefully consider the 

potential impact of their designs on both the teaching process and the interpretability of the 

data. 

These methodological reflections highlight the importance of balancing experimental 

control with pedagogical realism. In classroom-based research, implementation must remain 

feasible, acceptable, and meaningful within the everyday routines of school life. Rather than 

viewing teaching authenticity and methodological rigor as mutually exclusive, future research 

should seek to integrate both perspectives through thoughtful study design. This includes 

planning for minimal disruption, working closely with teachers, and aligning interventions with 

curricular goals and existing classroom structures. Ultimately, advancing research in authentic 

school contexts requires a methodological mindset that values contextual sensitivity as much 

as internal validity. 

6.2.3 Deliberate Research Focus and Analytical Scope 

In the present dissertation, the research focus was deliberately narrowed to a well-

defined learning activity—non-interactive teaching—and the outcome variables students' 

conceptual knowledge and monitoring accuracy, regarding both immediate and lasting learning. 

This choice follows a well-established tradition in teaching and learning research, which 

prioritizes clearly delineated experimental conditions and outcome measures in order to enable 

precise analyses of specific instructional mechanisms. Focusing on a small segment of the 

learning process allowed for a deeper understanding of how students engage with non-

interactive teaching and how this activity can be optimized through modifications—drawing, 

distribution, or retrieval—for immediate and lasting effects. 

At the same time, this focused perspective raises important questions about what is 

included in the research focus and what is left out. As the Expanded Offer–Use Model of 



GENERAL DISCUSSION  173 

 

 
 

Teaching for Students' Non-Interactive Teaching (Figure 23) illustrates, classroom teaching is 

embedded in a complex network of interacting components—including not only students and 

subject matter, but also teachers, school-level conditions, and the broader learning environment. 

Accordingly, selecting a narrow research focus also means defining the analytical boundaries 

of the investigation, specifying which parts of the teaching interaction are foregrounded and 

which components are purposefully held constant or left unmeasured. In light of the complexity 

of authentic classroom settings, such decisions should be made with care: depending on the 

research question, it may be necessary to broaden the scope and include additional model 

components to capture potential influencing factors more fully. Integrating such elements—for 

example, teachers' professional competencies and individual characteristics, teaching quality, 

or school context variables—may help to build a more comprehensive picture of how and under 

which conditions specific instructional activities like non-interactive teaching unfold and take 

effect in real classrooms (see also Vieluf et al., 2020). 

6.3 Implications for Educational Practice 

In addition to its contributions to educational research, this dissertation also yields 

implications for educational practice—particularly in the domains of classroom teaching, 

school development, and teacher education. These implications are elaborated in the following 

subsections, with the specific focus on the generative learning activity of non-interactive 

teaching. 

6.3.1 Implications for Classroom Teaching 

The studies of this dissertation demonstrated that non-interactive teaching combined 

with drawing is an effective learning strategy and that its combination with retrieval practice 

holds particular promise for supporting lasting learning. Importantly, these activities are low-

threshold in terms of resources and can be integrated flexibly into everyday teaching without 

requiring major structural changes. For instance, non-interactive teaching and drawing can be 
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placed at the end of inquiry-based teaching units to reinforce students' conceptual 

understanding. Teachers may concentrate on a limited set of clearly defined key learning 

objectives and integrate hands-on experiments or concrete materials during their lessons. 

Building on this phase, teachers could present a chat message from a fictitious peer to elicit 

students' verbal explanations and corresponding drawings—in class or as a homework 

assignment (Hoogerheide, Visee, et al., 2019). To enhance long-term retention, a retrieval 

task—such as a follow-up quiz—may be incorporated as a subsequent step. 

Importantly, it should be noted that the learning activity of non-interactive teaching and 

its thematic connection to the converging lens and its images is not effective in itself but 

depends on the quality of its implementation (Raudenbush, 2008; see also Klieme, 2022). 

Effective learning is shaped not merely by surface features like teaching format or method, but 

especially by reaching the deeper structure of teaching, where actual student learning occurs 

(Bohl, 2023). In the studies of this dissertation, students' learning was enhanced by non-

interactive teaching combined with drawing or retrieval practice, respectively, suggesting that 

these activities addressed deep structures of teaching. Teachers can access these deep structures 

through the core dimensions of instructional quality: cognitive activation, classroom 

management, and a supportive learning climate (Bohl, 2023; Praetorius et al., 2020). These 

dimensions are also reflected in Pietsch's (2010) hierarchical model of teaching quality, which 

comprises four levels: (1) ensuring a productive learning climate and pedagogical structure, (2) 

managing classrooms effectively and varying methods, (3) fostering motivation, active 

learning, and knowledge transfer, and (4) differentiating teaching and promoting competence 

development. The generative task of non-interactive teaching would, at minimum, correspond 

to the third level of this model. This underscores the high teaching demands required to 

successfully integrate such learning activities. 
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The results of this dissertation highlight the potential of generative and retrieval-based 

strategies to enhance everyday instruction—provided they are implemented with pedagogical 

precision. 

6.3.2 Implications for School Development 

When the use of the generative learning activity of non-interactive teaching extends 

beyond individual classrooms and becomes embedded in collaborative teaching structures 

across a school, it enters the domain of teaching development, as one part of school 

development alongside organizational development (i.e., developing the organization from 

within) and professional development (Rolff, 2018). These three dimensions are closely 

interlinked and should be understood as part of a systemic approach to improving schools from 

within (Rolff, 2018). For instance, when science teachers collaborate to implement non-

interactive teaching, jointly plan lesson sequences, or co-design task formats tailored to subject-

specific contents, their efforts contribute both to teaching and organizational development. Such 

practices inevitably influence teachers' professional routines, which connects this process to 

professional development, for example through reciprocal classroom observations among 

colleagues. 

Overall, the implementation of non-interactive teaching has the potential to trigger 

school development processes—particularly when key conditions for success are taken into 

account (Haenisch & Steffens, 2017). For example, these might include a clear strategic focus 

on generative learning activities combined with retrieval practice, the formation of teacher 

teams, and systematic reflection formats such as sharing outcomes in subject or staff meetings. 

Such practices could help other teachers gradually engage with and adopt the approach. School 

leadership plays a crucial role in this process by legitimizing the initiative and facilitating 

structured opportunities for professional exchange. Also important is a student-centered 
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orientation, for instance by ensuring connections to students' lifeworlds through mock-up chats 

and the use of tablets regarding non-interactive teaching. 

In schools located in socially deprived areas, such high process quality as well as high 

outcome quality—for example, through successful teaching enabled by non-interactive 

teaching—could turn a school into an unexpectedly high-performing one. Such a school may 

ultimately require less development than a school situated in a more privileged socio-spatial 

context but showing low levels of both process and outcome quality. However, such a 

consideration depends on the selected focus and the specific indicators of process and outcome 

quality used (Bremm et al., 2016). 

In this sense, the dissemination and systemic integration of generative activities 

potentially combined with retrieval practice, may not only foster teaching improvement but also 

serve as a catalyst for sustainable school development. 

6.3.3 Implications for Teacher Education 

For generative learning activities such as non-interactive teaching to be used effectively 

in classroom teaching, teachers must be both familiar with these strategies and capable of 

implementing them in a pedagogically meaningful way. This can be supported across all phases 

of teacher education. Therefore, teacher education plays a key role in ensuring that future and 

practicing teachers are equipped not only to apply such strategies, but to do so with pedagogical 

precision. It should be noted that the approaches described here represent only one specific 

teaching focus and are explicitly not intended to reflect the full scope or priorities of teacher 

education in these phases. 

In the first phase of teacher education at university, prospective teachers should be 

introduced to the theoretical foundations and empirical evidence of generative learning 

strategies and retrieval practice. These learning activities should be presented within the broader 

context of contextual factors and teaching quality. The Expanded Offer-Use Model of Teaching 
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for Students' Non-Interactive Teaching (see Figure 23) may serve as a helpful framework in this 

regard. However, it is important to ensure that prospective teachers do not interpret their role 

solely in terms of the offer side, and thus risk neglecting their broader teaching responsibility 

(see Kohler & Wacker, 2013). Moreover, to foster active understanding, prospective teachers 

should have the opportunity to try out these activities firsthand during their university courses 

and also design lesson segments in their respective subject areas that incorporate non-interactive 

teaching and retrieval practice. 

In the second phase of teacher education (i.e., preparatory service), the focus should be 

on applying these strategies in authentic teaching settings. Under the guidance of mentors and 

seminar instructors, teacher candidates could implement non-interactive teaching, drawing, and 

sequential retrieval practice in real lessons and reflect on their implementation, including 

subject-specific considerations. Collaborative formats such as joint lesson planning or 

reciprocal lesson observations could help bridge the gap between theoretical knowledge, self-

experienced learning activities, and their practical implementation in the classroom. 

In the third phase, continuing professional development should provide opportunities 

for experienced teachers to become familiar with, further develop, and refine their use of 

generative learning strategies and retrieval practice. Since some teachers may not yet be aware 

of approaches such as non-interactive teaching and drawing, or their combination with retrieval 

practice, access to these strategies should be supported through practice-oriented formats such 

as workshops, teaching guides, or subject-specific handouts. Professional learning formats such 

as collegial exchange, guided reflection, or subject-based discussion groups can help teachers 

share experiences, adapt these approaches to their subject-specific contexts, and integrate them 

meaningfully into their everyday teaching. To ensure that such formats lead to lasting 

improvements in teaching quality and student learning, professional development must be 

designed to address multiple levels of impact—from participants’ satisfaction and professional 
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beliefs, to changes in teaching practice and, ultimately, supporting student learning (Lipowsky 

& Rzejak, 2021; Rzejak et al., 2020). Accordingly, teacher education should also emphasize the 

importance of teaching quality for student learning and integrate opportunities for teachers to 

reflect on the impact of their own teaching behaviors (Lipowsky & Rzejak, 2021). 

Across all three phases, it is essential that teacher education does not merely introduce 

models of learning strategies, but actively engages teachers in critically examining, adapting, 

and applying them in light of their subject matter, student needs, and teaching contexts. Drawing 

on Lipowsky’s framework of professional development (Lipowsky & Rzejak, 2021), it becomes 

evident that improving teaching quality must be a central goal across all phases of teacher 

education, as it is the key condition through which student learning can be positively affected. 

6.4 Limitations and Directions for Future Research 

A key limitation of this study concerns the generalizability of its findings beyond the 

specific experimental and teaching context. Although substantial efforts were made to 

approximate authentic classroom conditions—for example, by conducting the intervention in 

authentic lessons, aligning it with the curriculum, and having all sessions and study parts 

conducted by the author of this dissertation—the setting likely still differed from typical 

teaching practice. Everyday teaching is shaped by contextual features such as established 

teacher–student relationships, classroom routines, time constraints, and the need to respond 

flexibly to students' needs. As a result, the findings are limited in terms of their generalizability 

to broader, authentic educational settings. Moreover, the study's focus on a single subject, a 

specific topic, and a narrow age group further limits generalizability, as prior research has 

shown that both subject matter (Sibley et al., 2024) and developmental stage (Brod, 2021) can 

influence the effectiveness of learning activities. To address this limitation, future research 

should aim to further bridge the gap between experimental rigor and authentic classroom 

conditions. This could be achieved by developing less complex or intrusive designs that embed 
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generative learning activities such as non-interactive teaching more seamlessly into regular 

teaching. Collaborating closely with practicing teachers—for example through professional 

development initiatives—would allow them to adapt these strategies to their own teaching 

goals, subject areas, and classroom contexts. Such co-constructed designs would not only 

increase ecological validity but also support the long-term integration of evidence-based 

learning strategies into everyday practice (see also Lipowsky & Rzejak, 2021). Finally, 

replication studies across different subject areas (e.g., biology, mathematics, or language 

learning) and age groups are needed to investigate whether, under which conditions, and for 

which student groups non-interactive teaching—including its possible modifications—yields 

immediate and lasting effects. 

Another limitation relates to the study design. First, the repeated use of the same 

conceptual knowledge test ROC-CI (Wörner et al., 2022) at all three time points ensured 

consistency in measurement but may have introduced recognition effects. Although answer 

options were randomized, we cannot fully rule out that students remembered test items rather 

than demonstrating conceptual understanding. This limits the interpretability of our results. 

Future studies could consider developing equivalent test versions to avoid potential item 

recognition while assessing the same conceptual content. Second, while the ROC-CI provides 

a validated and content-specific measure of conceptual knowledge about the converging lens 

(Wörner et al., 2022), it captures only a narrow slice of what students may have learned during 

the inquiry-based physics lesson. The lesson structure included student experimentation and 

generative activities, but the assessment focused mainly on conceptual knowledge recall and 

did not address skills more closely aligned with inquiry learning—such as reasoning about 

experimental outcomes or evaluating scientific evidence (see Pedaste et al., 2015). Furthermore, 

while drawing was a central instructional component in some conditions, no specific drawing 

test was used to assess students’ ability to translate knowledge into visual representations, as 
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implemented in recent research on generative learning (Fiorella, 2023a). To improve the 

methodological coherence of future designs, assessments should be selected or developed to 

reflect the broader set of intended learning goals addressed during teaching. This could include 

differentiated measures targeting conceptual understanding in optics, drawing-based 

representational skills, and practices related to inquiry learning. 

Another limitation concerns the rather small effect sizes observed in the studies of this 

dissertation. One potential explanation for the modest effects lies in the short duration of the 

intervention within an authentic classroom setting, which also may not have been sufficient to 

foster lasting learning effects over an 8-week period. Although the intervention was brief, it still 

provided more time for engagement with generative tasks than most previous studies in the 

field (e.g., Hoogerheide et al., 2016; Lachner et al., 2022). When interpreting these results, it is 

important to consider both the brevity of the intervention and the typically small to medium 

effect sizes reported in meta-analyses on generative learning (e.g., Lachner et al., 2022; Ribosa 

& Duran, 2022). Against this background, the observed effects appear meaningful. Moreover, 

Kraft (2020) argues that even small effect sizes can be substantively important if the 

intervention is scalable, cost-effective, and capable of producing cumulative effects when 

applied at scale. Further, when compared to annual learning gains in standardized assessments 

in middle school—typically ranging between d = 0.20 and d = 0.30 (Bloom et al., 2008; Hill et 

al., 2008)—the effects observed in the studies of this dissertation appear even more substantial. 

A promising avenue for future research lies in examining the scalability and long-term 

feasibility of embedding generative and retrieval-based activities into regular classroom 

teaching. 

6.5 Conclusion 

This dissertation addressed the overarching question of how non-interactive teaching 

can be optimized to enhance students’ conceptual understanding and monitoring accuracy in 
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inquiry-based authentic science lessons—both in terms of immediate and lasting learning. To 

this end, three experimental classroom studies investigated distinct modifications of non-

interactive teaching: combining it with drawing (Study 1), distributing it across the study phase 

(Study 2), and sequentially adding retrieval practice (Study 3). Each study targeted one 

theoretically and empirically grounded enhancement and contributed unique empirical insights 

into optimizing non-interactive teaching in real-world classroom settings. 

Taken together, the findings demonstrate that non-interactive teaching can be 

systematically enhanced. While drawing increased students’ task-specific interest and improved 

the quality of their explanations, thereby boosting immediate learning, distributing the activity 

did not yield additional benefits. Moreover, retrieval practice supported lasting learning 

particularly when the quality of prior generative processing was low, underscoring the 

importance of tailoring instructional interventions to students’ needs. 

These results support an expanded understanding of non-interactive teaching as part of 

a teaching offer that can foster students' generative learning processes also in complex school 

contexts. In this sense, non-interactive teaching can contribute to strengthening successful 

teaching and thus teaching quality. From this perspective, not only immediate performance but 

also lasting learning emerges as a key educational goal (OECD, 2016). The present findings 

suggest promising avenues for promoting lasting learning by combining generative tasks with 

retrieval practice. A broader teaching perspective further underscores that, beyond knowledge 

acquisition, generative learning activities may contribute to multidimensional learning 

outcomes—such as increased interest in subject matter, the development of self-regulated 

learning strategies, and the ability to engage meaningfully with complex societal questions and 

challenges (see also Klieme, 2022; Vieluf et al., 2020). 

Looking ahead, this resonates with the vision laid out in the OECD Learning Compass 

2030 (OECD, 2019), which emphasizes the importance of empowering students to create new 
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value, navigate ambiguity, and act responsibly in an increasingly complex world. As a 

generative learning activity, non-interactive teaching—potentially enhanced through drawing 

and retrieval practice—could support this vision by fostering deep understanding, critical 

reflection, and the construction of meaningful lasting knowledge. Ensuring that such strategies 

become accessible and scalable in everyday classroom teaching could contribute to preparing 

all students to navigate the complexities of a rapidly changing world. 
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8 Appendix 

8.1 Appendix Study 1 

Appendix A 

Overview of the Overall Dataset 

Variable Number/type of items Used in 

present 

paper 

Demographical data   

     Age 1 item, rated from 10 to 17 years × 

     Sex 1 item, closed answer format × 

     Native language 1 item, open answer format × 

     School type & level 1 item, closed answer format − 

     Grade in physics, last report 1 item, rated from 1 to 6 − 

     Graduation of parents 1 item, closed answer format − 

Students' prerequisites   

     Interest in physics 4 items, rated on a 4-point Likert scale × 

     Physics work ethic 4 items, rated on a 4-point Likert scale × 

     Academic self-concept in physics 4 items, rated on a 4-point Likert scale × 

     ICT interest 4 items, rated on a 4-point Likert scale × 

     Experience with touch devices 4 items, rated on a 5-point Likert scale − 

     Monitoring rating 1 item, rated from 0 to 30 points × 

Prior knowledge   

     Cognitive 15 items, multiple-choice-format × 

     Metacognitivea  × 

Big five personality trait domains   

     Extraversion 3 items, rated on a 5-point Likert scale − 

     Compatibility 3 items, rated on a 5-point Likert scale − 

     Conscientiousness 3 items, rated on a 5-point Likert scale − 

     Neuroticism 3 items, rated on a 5-point Likert scale − 

     Openness 3 items, rated on a 5-point Likert scale − 

Perceived ratings regarding the 

teaching unit 

  

     Cognitive load   

     Active cognitive load 1 item, rated on a 9-point Likert scale × 

     Passive cognitive load 1 item, rated on a 9-point Likert scale × 

     Affect   

     Arousal 1 item, rated on a 9-point Likert scale × 

     Mood 1 item, rated on a 9-point Likert scale × 

     Teaching quality   

     Cognitive activation 6 items, rated on a 4-point Likert scale × 

     Disturbances 3 items, rated on a 4-point Likert scale × 

     Teacher monitoring 5 items, rated on a 4-point Likert scale × 

     Teacher support 4 items, rated on a 4-point Likert scale × 

Characteristics of students' 

explanations 

  

     Completeness 1 coded item, range 0 to 10 points × 



220  APPENDIX 

 

Variable Number/type of items Used in 

present 

paper 

     Elaboration 1 coded item, 1 point per elaboration × 

     Correctness 1 coded item, percentage value × 

Characteristics of students' drawings   

     Completeness 1 coded item, range 0 to 10 points × 

     Elaboration 1 coded item, 1 point per elaboration × 

     Correctness 1 coded item, percentage value × 

Perceived ratings regarding the 

learning activities 

  

     Cognitive load   

     Active cognitive load 1 item, rated on a 9-point Likert scale − 

     Passive cognitive load 1 item, rated on a 9-point Likert scale − 

     Task-specific motivation   

     Task interest 2 items, rated on a 4-point Likert scale × 

     Task enjoyment 2 items, rated on a 4-point Likert scale × 

     Affect   

     Arousal 1 item, rated on a 9-point Likert scale − 

     Mood 1 item, rated on a 9-point Likert scale − 

Perceived rating immediate after 

learning activity 

  

     Monitoring rating 1 item, rated from 0 to 30 points × 

Immediate learning outcomes   

     Cognitive 15 items, multiple-choice-format × 

     Metacognitivea  × 

Perceived rating delayed after 

learning activity 

  

     Monitoring rating 1 item, rated from 0 to 30 points × 

Lasting learning outcomes   

     Cognitive 15 items, multiple choice format × 

     Metacognitivea  × 

Note. All variables are listed in the correct chronological order. aMetacognitive learning 

outcomes are each quantified as monitoring accuracy, which is calculated based on the 

absolute differences between students' estimated and actual performance without negative 

values. 
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Appendix B 

Correlations Separated by Experimental Condition 

Variable 1 2 3 4 5 

1. Prior cognitive knowledge − 

 

    

2. Prior metacognitive 

knowledge 

(-.52*|-.50*| 

-.51*|-.46*) 

−    

3. Students' explanations 

completenessa 

(-|.13| 

.17|-.02) 

(-|.04| 

-.07|.11) 

−   

4. Students' explanations 

elaborationa 

(-|.31*| 

.22*|.17) 

(-|-.07| 

-.08|-.08) 

(-|.36*| 

.39*|.22*) 

−  

5. Students' explanations 

correctnessa 

(-|-.03| 

.10|.08) 

(-|.08| 

-.09|-.09) 

(-|.39*| 

.40*|.10) 

(-|.20*| 

.12|.06) 

− 

6. Students' drawings 

completenessa 

(-|-| 

-|.04) 

(-|-| 

-|.00) 

(-|-| 

-|.23*) 

(-|-| 

-|.01) 

(-|-| 

-|.11) 

7. Students' drawings 

elaborationa 

(-|-| 

-|.14) 

(-|-| 

-|-.05) 

(-|-| 

-|-.03) 

(-|-| 

-|.13) 

(-|-| 

-|.20*) 

8. Students' drawings 

correctnessa 

(-|-| 

-|.07) 

(-|-| 

-|.02) 

(-|-| 

-|.20*) 

(-|-| 

-|-.02) 

(-|-| 

-|.27*) 

9. Task interesta 

 

(-.07|-.04| 

.02|.07) 

(.15|.09| 

-.05|.16) 

(-|.36*| 

.35*|.27*) 

(-|.16| 

.21*|.16) 

(-|.16| 

.14|.02) 

10. Task enjoymenta 

 

(-.11|-.08| 

.01|.11) 

(.22*|.19*| 

-.01|.10) 

(-|.26*| 

.32*|.14) 

(-|.11| 

.22*|.07) 

(-|.09| 

.13|.04) 

11. Immediate cognitive 

learning outcome 

(.32*|.35*| 

.29*|.35*) 

(-.16|-.05| 

-.20*|-.09) 

(-|.37*| 

.30*|.36*) 

(-|.37*| 

.27*|.14) 

(-|.16| 

.32*|.20*) 

12. Immediate metacognitive 

learning outcome 

(-.07|-.03| 

-.05|-.06) 

(.13|-.04| 

.11|-.09) 

(-|.04| 

-.20*|.10) 

(-|.04| 

.04|.08) 

(-|.02| 

-.13|.01) 

13. Lasting cognitive learning 

outcome 

(.44*|.43*| 

.39*|.54*) 

(-.23*|-.16| 

-.27*|-.20*) 

(-|.25*| 

.29*|.22*) 

(-|.38*| 

.17|.08) 

(-|-.01| 

.14|.15) 

14. Lasting metacognitive 

learning outcome 

(-.06|-.12| 

.14|-.15) 

(.14|.16| 

.01|.11) 

(-|-.21*| 

-.03|.14) 

(-|-.07| 

.03|-.09) 

(-|-.12| 

.03|.03) 
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Variable 6 7 8 9 10 

1. Prior cognitive knowledge   

 

   

2. Prior metacognitive 

knowledge 

  

 

   

3. Students' explanations 

completenessa 

  

 

   

4. Students' explanations 

elaborationa 

  

 

   

5. Students' explanations 

correctnessa 

  

 

   

6. Students' drawings 

completenessa 

−  

 

   

7. Students' drawings 

elaborationa 

(-|-| 

-|.14) 

− 

 

   

8. Students' drawings 

correctnessa 

(-|-| 

-|.40*) 

(-|-| 

-|.09) 

−   

9. Task interesta 

 

(-|-| 

-|.09) 

(-|-| 

-|.18*) 

(-|-| 

-|.01) 

−  

10. Task enjoymenta 

 

(-|-| 

-|.10) 

(-|-| 

-|.19*) 

(-|-| 

-|.03) 

(.82*|.81*| 

.81*|.68*) 

− 

11. Immediate cognitive 

learning outcome 

(-|-| 

-|.16*) 

(-|-| 

-|.12) 

(-|-| 

-|.18*) 

(.06|.29*| 

.17*|.17*) 

(.08|.24*| 

.19*|.17*) 

12. Immediate metacognitive 

learning outcome 

(-|-| 

-|-.02) 

(-|-| 

-|.01) 

(-|-| 

-|.05) 

(-.02|-.05| 

-.11|.05) 

(-.09|.00| 

-.11|.05) 

13. Lasting cognitive learning 

outcome 

(-|-| 

-|.08) 

(-|-| 

-|.13) 

(-|-| 

-|.15) 

(.10|.19*| 

.04|.10) 

(.09|.14| 

.07|.10) 

14. Lasting metacognitive 

learning outcome 

(-|-| 

-|.10) 

(-|-| 

-|.03) 

(-|-| 

-|.14) 

(-.05|-.25*| 

-.05|-.06) 

(-.10|-.16| 

-.03|-.02) 
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Variable 11 12 13 

1. Prior cognitive knowledge  

 

  

2. Prior metacognitive 

knowledge 

 

 

  

3. Students' explanations 

completenessa 

 

 

  

4. Students' explanations 

elaborationa 

 

 

  

5. Students' explanations 

correctnessa 

 

 

  

6. Students' drawings 

completenessa 

 

 

  

7. Students' drawings 

elaborationa 

 

 

  

8. Students' drawings 

correctnessa 

 

 

  

9. Task interesta 

 

 

 

  

10. Task enjoymenta 

 

   

11. Immediate cognitive 

learning outcome 

−   

12. Immediate metacognitive 

learning outcome 

(-.08|-.12| 

.14|.26*) 

−  

13. Lasting cognitive learning 

outcome 

(.58*|.65*| 

.61*|.65*) 

(.01|-.14| 

.12|.06) 

− 

14. Lasting metacognitive 

learning outcome 

(-.10|-.21*| 

-.12|.01) 

(.27*|.22*| 

.26*|.17*) 

(-.17|-.22*| 

-.11|-.04) 

Note. The data in this table are based on the raw data. Numbers in brackets represent the 

correlations separated for experimental conditions: first = restudy; second = teaching-only; 

third = teaching + visualization; fourth = teaching + drawing. 
a Variables regarding the learning activity (restudy, teaching-only, teaching + visualization, 

teaching + drawing). 
*p < .050. 



224  APPENDIX 

 

8.2 Appendix Study 2 

Appendix A 

Overview of the Schools, Classes, and Final Number of Participants in the Study 

School Class Class size Number of 

participantsa 

Number of 

excluded 

participantsb 

Final number of 

participantsc 

1 1 27 27 1 26 

 2 28 28 3 25 

 3 24 23 0 23 

 4 26 24 4 20 

2 5 27 27 3 24 

 6 27 27 3 24 

3 7 25 25 0 25 

 8 25 25 3 22 

 9 24 22  3 19 

 10 25 25 2 23 

4 11 22 22 1 21 

 12 22 22 3 19 

 13 24 23 0 23 

 14 25 25 2 23 

Note. aStudents who provided written consent by their legal guardians to voluntarily participate in the study (N = 

345). bWe excluded data from participants who did not attend the main part of the study, as it included the topic-

related teaching unit, the interventions, and the immediate posttest (n = 28). cThis resulted in a final sample size 

of N = 317. 
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Appendix B 

Overview of the Overall Dataset 

Variable Number/type of items Used in 

present 

paper 

Demographical data   

 Age 1 item, rated from 10 to 17 years × 

 Sex 1 item, closed answer format × 

 Native language 1 item, open answer format × 

 Schooltype & level 1 item, closed answer format − 

 Grade in physics, last report 1 item, rated from 1 to 6 − 

 Graduation of parents 1 item, closed answer format − 

Students' prerequisites   

 Interest in physics 4 items, rated on a 4-point Likert scale − 

 Physics work ethic 4 items, rated on a 4-point Likert scale × 

 Academic self-concept in physics 4 items, rated on a 4-point Likert scale × 

 ICT interest 4 items, rated on a 4-point Likert scale − 

 Experience with touch devices 4 items, rated on a 5-point Likert scale − 

 Monitoring rating 1 item, rated from 0 to 30 points × 

Prior   

 Conceptual knowledge 15 items, multiple-choice-format × 

 Monitoring accuracya  × 

Big five personality trait domains   

 Extraversion 3 items, rated on a 5-point Likert scale − 

 Compatibility 3 items, rated on a 5-point Likert scale − 

 Conscientiousness 3 items, rated on a 5-point Likert scale − 

 Neuroticism 3 items, rated on a 5-point Likert scale − 

 Openness 3 items, rated on a 5-point Likert scale − 

Perceived ratings after learning phase   

 Active cognitive load 1 item, rated on a 9-point Likert scale − 

 Passive cognitive load 1 item, rated on a 9-point Likert scale − 

 Arousal 1 item, rated on a 9-point Likert scale − 

 Mood 1 item, rated on a 9-point Likert scale − 

Teaching quality   

 Cognitive activation 6 items, rated on a 4-point Likert scale − 

 Disturbances 3 items, rated on a 4-point Likert scale − 

 Teacher monitoring 5 items, rated on a 4-point Likert scale − 

 Teacher support 4 items, rated on a 4-point Likert scale − 

Completion of students' experimentation 

worksheets 

1 coded item, 0 = not fully and correctly 

completed, 1 = fully and correctly completed 

× 

Characteristics of students' explanations   

 Completeness 1 coded item, range 0 to 10 points × 

 Elaboration 1 coded item, 1 point per elaboration × 

 Correctness 1 coded item, percentage value × 

Characteristics of students' drawings   

 Completeness 1 coded item, range 0 to 10 points × 

 Elaboration 1 coded item, 1 point per elaboration × 

 Correctness 1 coded item, percentage value × 

Characteristics of students' restudy notes   

 Completeness 1 coded item, range 0 to 10 points × 

 Elaboration 1 coded item, 1 point per elaboration × 

 Correctness 1 coded item, percentage value × 

Perceived ratings immediately after learning 

activity 

  

 Active cognitive load 1 item, rated on a 9-point Likert scale − 

 Passive cognitive load 1 item, rated on a 9-point Likert scale − 

 Task interest 2 items, rated on a 4-point Likert scale − 

 Task enjoyment 2 items, rated on a 4-point Likert scale − 
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Variable Number/type of items Used in 

present 

paper 

 Arousal 1 item, rated on a 9-point Likert scale − 

 Mood 1 item, rated on a 9-point Likert scale − 

 Monitoring rating 1 item, rated from 0 to 30 points × 

Immediate   

 Conceptual knowledge 15 items, multiple-choice-format × 

 Monitoring accuracya  × 

Perceived rating delayed after learning activity   

 Monitoring rating 1 item, rated from 0 to 30 points × 

Lasting   

 Conceptual knowledge 15 items, multiple choice format × 

 Monitoring accuracya  × 

Note. All variables are listed in the correct chronological order.  
aMonitoring accuracy is calculated based on the differences between students' estimated and actual performance. 
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Appendix C 

Summary of the Contrast Analyses 

Variable β SE t p 

Conceptual knowledge     

 Immediate     

  Generation contrasta 0.11 0.04 2.83 .005 

  Drawing contrastb 0.10 0.07 1.44 .150 

  Distribution contrastc -0.06 0.05 -1.10 .272 

  Prior cognitive knowledge 0.23 0.06 3.73 <.001 

  Interaction (Generation × Distribution) -0.09 0.04 -2.41 .017 

  Interaction (Drawing × Distribution) -0.02 0.07 -0.34 .737 

 Lasting     

  Generation contrasta 0.06 0.04 1.50 .134 

  Drawing contrastb 0.10 0.07 1.34 .181 

  Distribution contrastc -0.04 0.06 -0.68 .495 

  Prior cognitive knowledge 0.24 0.06 3.99 <.001 

  Interaction (Generation × Distribution) -0.04 0.04 -0.86 .389 

  Interaction (Drawing × Distribution) 0.00 0.08 -0.03 .972 

Monitoring accuracy     

 Immediate     

  Generation contrasta -0.09 0.04 -2.49 .013 

  Drawing contrastb -0.06 0.06 -0.94 .349 

  Distribution contrastc 0.02 0.05 0.32 .747 

  Prior metacognitive knowledge 0.38 0.06 6.57 <.001 

  Interaction (Generation × Distribution) 0.06 0.04 1.69 .093 

  Interaction (Drawing × Distribution) 0.00 0.06 0.08 .939 

 Lasting     

  Generation contrasta -0.06 0.04 -1.47 .144 

  Drawing contrastb -0.02 0.08 -0.33 .742 

  Distribution contrastc 0.06 0.06 1.03 .304 

  Prior metacognitive knowledge 0.19 0.07 2.91 .004 

  Interaction (Generation × Distribution) 0.03 0.04 0.68 .500 

  Interaction (Drawing × Distribution) -0.02 0.07 -0.32 .751 

Note. Significant results are highlighted in bold letters; p < .050. 
a -2 = restudy, 1 = teaching-only, 1 = teaching + drawing. b 0 = restudy, -1 = teaching-only, 1 = teaching + 

drawing. c -1 = after-study, 1 = distributed. 
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Appendix D 

Summary of the Mediation Analyses With Characteristics of Students' Explanations and 

Restudy Notes Regarding Immediate Conceptual Knowledge 

Variable β SE t p 

Completeness     

 Effect of generation contrasta on completeness (a) 0.60 0.12 5.19 <.001 

 Effect of completeness on immediate conceptual knowledge (b) 0.25 0.06 4.44 <.001 

 Direct effect (c') 0.19 0.12 1.57 .118 

 Indirect effect (a*b) 0.15 0.04 3.37 .001 

 Total effect (c) 0.34 0.12 2.84 .005 

Elaboration     

 Effect of generation contrasta on elaboration (a) 0.34 0.12 2.82 .005 

 Effect of elaboration on immediate conceptual knowledge (b) 0.09 0.06 1.60 .110 

 Direct effect (c') 0.31 0.12 2.56 .010 

 Indirect effect (a*b) 0.03 0.02 1.39 .164 

 Total effect (c) 0.34 0.12 2.83 .005 

Correctness     

 Effect of generation contrasta on correctness (a) -0.16 0.12 -1.37 .171 

 Effect of correctness on immediate conceptual knowledge (b) 0.13 0.06 2.41 .016 

 Direct effect (c') 0.36 0.12 3.04 .002 

 Indirect effect (a*b) -0.02 0.02 -1.19 .234 

 Total effect (c) 0.34 0.12 2.84 .005 

Note. Significant results are highlighted in bold letters; p < .050. 

a -2 = restudy, 1 = teaching-only, 1 = teaching + drawing. 
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Appendix E 

Summary of the Moderation Analyses With Prior Conceptual Knowledge, Academic Self-

Concept, and Work Ethic Regarding Immediate and Lasting Conceptual Knowledge 

Variable β SE t p 

Immediate conceptual knowledge     

 Prior conceptual knowledge as moderator     

  Generation contrasta 0.10 0.04 2.72 .007 

  Drawing contrastb 0.10 0.07 1.43 .154 

  Distribution contrastc -0.06 0.05 -1.10 .272 

  Prior conceptual knowledge 0.23 0.06 3.62 <.001 

  Interaction (Generation × Distribution) -0.09 0.04 -2.29 .022 

  Interaction (Drawing × Distribution) -0.02 0.07 -0.27 .791 

  Interaction (Generation × Prior conceptual knowledge) -0.04 0.05 -0.84 .404 

  Interaction (Drawing × Prior conceptual knowledge) 0.02 0.07 0.33 .742 

  Interaction (Distribution × Prior conceptual knowledge) 0.07 0.06 1.04 .299 

  Interaction (Generation × Distribution × Prior conceptual 

  knowledge) 

0.04 0.05 0.95 .345 

  Interaction (Drawing × Distribution × Prior conceptual  

  knowledge) 

0.04 0.07 0.56 .577 

 Academic self-concept as moderator     

  Generation contrasta 0.10 0.04 2.59 .010 

  Drawing contrastb 0.09 0.07 1.29 .199 

  Distribution contrastc -0.04 0.05 -0.68 .496 

  Academic self-concept 0.22 0.06 3.88 <.001 

  Prior conceptual knowledge 0.22 0.06 3.75 <.001 

  Interaction (Generation × Distribution) -0.09 0.04 -2.30 .022 

  Interaction (Drawing × Distribution) -0.03 0.07 -0.42 .674 

  Interaction (Generation × Academic self-concept) 0.02 0.04 0.49 .621 

  Interaction (Drawing × Academic self-concept) 0.03 0.07 0.35 .726 

  Interaction (Distribution × Academic self-concept) -0.01 0.06 -0.18 .859 

  Interaction (Generation × Distribution × Academic self- 

  concept) 

-0.08 0.04 -2.23 .026 

  Interaction (Drawing × Distribution × Academic self-concept) 0.02 0.07 0.28 .780 

 Work ethic as moderator     

  Generation contrasta 0.11 0.04 2.91 .004 

  Drawing contrastb 0.09 0.07 1.30 .193 

  Distribution contrastc -0.05 0.05 -0.99 .321 

  Work ethic 0.11 0.06 1.98 .048 

  Prior conceptual knowledge 0.23 0.06 3.84 <.001 

  Interaction (Generation × Distribution) -0.08 0.04 -2.23 .027 

  Interaction (Drawing × Distribution) -0.01 0.07 -0.10 .921 

  Interaction (Generation × Work ethic) 0.03 0.04 0.90 .371 

  Interaction (Drawing × Work ethic) 0.13 0.07 1.84 .066 

  Interaction (Distribution × Work ethic) 0.00 0.05 -0.06 .952 

  Interaction (Generation × Distribution × Work ethic) -0.10 0.04 -2.64 .009 

  Interaction (Drawing × Distribution × Work ethic) -0.07 0.07 -0.92 .359 

Lasting conceptual knowledge     

 Prior conceptual knowledge as moderator     

  Generation contrasta 0.06 0.04 1.47 .144 

  Drawing contrastb 0.10 0.07 1.37 .173 

  Distribution contrastc -0.04 0.06 -0.68 .498 

  Prior conceptual knowledge 0.24 0.06 4.02 <.001 

  Interaction (Generation × Distribution) -0.04 0.04 -0.86 .390 

  Interaction (Drawing × Distribution) 0.00 0.08 0.01 .996 

  Interaction (Generation × Prior conceptual knowledge) 0.02 0.05 0.39 .696 

  Interaction (Drawing × Prior conceptual knowledge) 0.04 0.07 0.48 .629 



230  APPENDIX 

 

Variable β SE t p 

  Interaction (Distribution × Prior conceptual knowledge) 0.03 0.06 0.57 .566 

  Interaction (Generation × Distribution × Prior conceptual  

  knowledge) 

0.03 0.04 0.84 .400 

  Interaction (Drawing × Distribution × Prior conceptual  

  knowledge) 

0.02 0.07 0.35 .730 

 Academic self-concept as moderator     

  Generation contrasta 0.06 0.04 1.42 .157 

  Drawing contrastb 0.08 0.07 1.14 .257 

  Distribution contrastc -0.03 0.06 -0.51 .612 

  Academic self-concept 0.11 0.06 1.75 .082 

  Prior conceptual knowledge 0.24 0.06 4.00 <.001 

  Interaction (Generation × Distribution) -0.04 0.04 -0.85 .398 

  Interaction (Drawing × Distribution) 0.00 0.08 -0.04 .970 

  Interaction (Generation × Academic self-concept) -0.02 0.05 -0.39 .698 

  Interaction (Drawing × Academic self-concept) 0.04 0.07 0.55 .580 

  Interaction (Distribution × Academic self-concept) 0.05 0.07 0.72 .473 

  Interaction (Generation × Distribution × Academic self- 

  concept) 

-0.04 0.05 -0.98 .329 

  Interaction (Drawing × Distribution × Academic self-concept) -0.04 0.07 -0.53 .593 

 Work ethic as moderator     

  Generation contrasta 0.06 0.04 1.53 .127 

  Drawing contrastb 0.09 0.07 1.28 .200 

  Distribution contrastc -0.04 0.06 -0.67 .503 

  Work ethic 0.07 0.06 1.06 .288 

  Prior conceptual knowledge 0.25 0.06 4.07 <.001 

  Interaction (Generation × Distribution) -0.03 0.04 -0.75 .451 

  Interaction (Drawing × Distribution) 0.01 0.08 0.13 .898 

  Interaction (Generation × Work ethic) 0.00 0.04 0.08 .937 

  Interaction (Drawing × Work ethic) 0.13 0.08 1.68 .094 

  Interaction (Distribution × Work ethic) 0.02 0.06 0.40 .690 

  Interaction (Generation × Distribution × Work ethic) -0.04 0.05 -0.86 .394 

  Interaction (Drawing × Distribution × Work ethic) -0.02 0.08 -0.32 .751 

Note. Significant results are highlighted in bold letters; p < .050. 
a -2 = restudy, 1 = teaching-only, 1 = teaching + drawing. b 0 = restudy, -1 = teaching-only, 1 = teaching + 

drawing. c -1 = after-study, 1 = distributed. 
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Appendix F 

Means, Standard Deviations, and Correlations With Confidence Intervals Regarding all 

Variables 

 Variable M SD 1 2 3 4 

1  

 

Academic self-concept 

in physics 

2.75 

 

0.56 

 
−    

2  

 

Physics work ethic 2.96 

 

0.50 

 

.55 

[.47, .63] 
−   

3  

 

Prior conceptual 

knowledge 

7.72 

 

3.48 

 

.06 

[-.05, .18] 

-.02 

[-.13, .10] 
−  

4  

 

Prior monitoring 

accuracy 

9.42 

 

6.62 

 

.20 

[.09, .31] 

.14 

[.03, .25] 

-.53 

[-.61, -.44] 
− 

5 

 

Students' explanations 

completenessa 

4.86 

 

2.71 

 

.21 

[.07, .34] 

.19 

[.06, .32] 

.00 

[-.13, .14] 

-.07 

[-.21, .07] 

6 

 

Students' explanations 

elaborationa 

3.94 

 

5.41 

 

.06 

[-.08, .20] 

.17 

[.04, .30] 

.01 

[-.13, .15] 

-.13 

[-.27, .00] 

7 

 

Students' explanations 

correctnessa 

88.92 

 

14.95 

 

-.01 

[-.15, .13] 

-.06 

[-.20, .08] 

-.02 

[-.16, .11] 

.04 

[-.09, .18] 

8 

 

Students' drawings 

completenessa 

5.90 

 

2.69 

 

.22 

[.03, .40] 

.17 

[-.02, .35] 

.07 

[-.13, .26] 

-.16 

[-.34, .03] 

9 

 

Students' drawings 

elaborationa 

2.31 

 

3.08 

 

.01 

[-.18, .20] 

.02 

[-.17, .21] 

.10 

[-.09, .29] 

-.02 

[-.21, .18] 

10 

 

Students' drawings 

correctnessa 

82.16 

 

22.15 

 

.14 

[-.06, .32] 

.18 

[-.01, .36] 

.04 

[-.15, .23] 

-.12 

[-.30, .08] 

11 

 

Students' restudy notes 

completenessa 

3.29 

 

2.23 

 

-.08 

[-.27, .12] 

.04 

[-.16, .24] 

.18 

[-.02, .36] 

-.13 

[-.32, .07] 

12 

 

Students' restudy notes 

elaborationa 

2.38 

 

2.33 

 

-.06 

[-.25, .15] 

.00 

[-.20, .20] 

.03 

[-.17, .23] 

-.10 

[-.29, .10] 

13 

 

Students' restudy notes 

correctnessa 

92.32 

 

12.30 

 

.14 

[-.06, .33] 

.10 

[-.10, .29] 

-.12 

[-.31, .08] 

.10 

[-.11, .29] 

14 

 

Immediate conceptual 

knowledge 

15.86 

 

5.28 

 

.25 

[.14, .36] 

.14 

[.03, .25] 

.23 

[.12, .33] 

-.11 

[-.22, .00] 

15 

 

Immediate monitoring 

accuracy 

-0.35 

 

7.46 

 

.01 

[-.10, .12] 

.04 

[-.07, .15] 

-.20 

[-.30, -.09] 

.40 

[.30, .49] 

16 

 

Lasting conceptual 

knowledge 

11.98 

 

4.71 

 

.18 

[.06, .30] 

.10 

[-.02, .22] 

.30 

[.19, .41] 

-.02 

[-.14, .10] 

17 

 

Lasting monitoring 

accuracy 

1.33 

 

6.94 

 

.06 

[-.06, .18] 

.06 

[-.06, .18] 

-.09 

[-.21, .04] 

.24 

[.12, .35] 
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 Variable 5 6 7 8 9 10 

1  

 

Academic self-concept 

in physics 
      

2  

 

Physics work ethic 
      

3  

 

Prior conceptual 

knowledge 
      

4  

 

Prior monitoring 

accuracy 
      

5 

 

Students' explanations 

completenessa 
−      

6 

 

Students' explanations 

elaborationa 

.28 

[.15, .40] 
−     

7 

 

Students' explanations 

correctnessa 

.06 

[-.07, .20] 

.08 

[-.06, .21] 
−    

8 

 

Students' drawings 

completenessa 

.39 

[.21, .54] 

.05 

[-.14, .24] 

.09 

[-.10, .28] 
−   

9 

 

Students' drawings 

elaborationa 

-.03 

[-.22, .16] 

.31 

[.13, .47] 

.10 

[-.09, .29] 

.00 

[-.19, .19] 
−  

10 

 

Students' drawings 

correctnessa 

.23 

[.04, .40] 

-.05 

[-.23, .14] 

-.06 

[-.24, .13] 

.43 

[.27, .58] 

-.44 

[-.58, -.28] 
− 

11 

 

Students' restudy notes 

completenessa 

− 

 

− 

 

− 

 

− − − 

12 

 

Students' restudy notes 

elaborationa 

− 

 

− − − − − 

13 

 

Students' restudy notes 

correctnessa 

− 

 

− − − − − 

14 

 

Immediate conceptual 

knowledge 

.27 

[.14, .39] 

.08 

[-.05, .21] 

.13 

[.00, .26] 

.33 

[.15, .49] 

.23 

[.04, .40] 

.15 

[-.04, .33] 

15 

 

Immediate monitoring 

accuracy 

-.15 

[-.28, -.02] 

-.04 

[-.17, .10] 

-.05 

[-.19, .08] 

-.30 

[-.46, -.11] 

-.18 

[-.36, .01] 

-.18 

[-.36, .01] 

16 

 

Lasting conceptual 

knowledge 

.18 

[.04, .32] 

.05 

[-.09, .19] 

.08 

[-.07, .22] 

.25 

[.05, .43] 

.19 

[-.02, .38] 

.09 

[-.11, .29] 

17 

 

Lasting monitoring 

accuracy 

.03 

[-.12, -.12] 

.05 

[-.10, .19] 

-.04 

[-.18, .11] 

-.14 

[-.34, .07] 

-.03 

[-.23, .18] 

-.18 

[-.37, .03] 
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 Variable 11 12 13 14 15 16 

1  

 

Academic self-concept 

in physics 
      

2  

 

Physics work ethic 
      

3  

 

Prior conceptual 

knowledge 
      

4  

 

Prior monitoring 

accuracy 
      

5 

 

Students' explanations 

completenessa 

   
   

6 

 

Students' explanations 

elaborationa 

   
   

7 

 

Students' explanations 

correctnessa 

   
   

8 

 

Students' drawings 

completenessa 

   
   

9 

 

Students' drawings 

elaborationa 

   
   

10 

 

Students' drawings 

correctnessa 

   
   

11 

 

Students' restudy notes 

completenessa 
−      

12 

 

Students' restudy notes 

elaborationa 

.29 

[.10, .46] 
−     

13 

 

Students' restudy notes 

correctnessa 

.07 

[-.13, .26] 

-.02 

[-.22, .18] 
−    

14 

 

Immediate conceptual 

knowledge 

.17 

[-.02, .36] 

.15 

[-.04, .34] 

.13 

[-.07, .32] 
−   

15 

 

Immediate monitoring 

accuracy 

-.15 

[-.33, .05] 

-.18 

[-.37, .01] 

-.04 

[-.23, .16] 

-.62 

[-.68, .55] 
−  

16 

 

Lasting conceptual 

knowledge 

.13 

[-.09, .33] 

.13 

[-.09, .33] 

.21 

[.00, .40] 

.56 

[.48, .64] 

-.29 

[-.40, -.18] 
− 

17 

 

Lasting monitoring 

accuracy 

-.04 

[-.25, .17] 

-.15 

[-.35, .07] 

.03 

[-.19, .24] 

-.29 

[-.40, -.18] 

.44 

[.34, .53] 

-.49 

[-.58, -.40] 

Note. The data in this table are based on the raw data. Significant correlations are highlighted in bold; p < .050. 
a Variables related to the learning activity (restudy, teaching-only, teaching + drawing). 
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8.3 Appendix Study 3 

Appendix A 

Overview of the Overall Dataset 

Variable Number/type of items Used in 

present 

paper 

Demographical data   

 Age 1 item, rated from 10 to 17 years × 

 Sex 1 item, closed answer format × 

 Native language 1 item, open answer format × 

 Schooltype & level 1 item, closed answer format − 

 Grade in physics, last report 1 item, rated from 1 to 6 − 

 Graduation of parents 1 item, closed answer format − 

Students’ prerequisites   

 Interest in physics 4 items, rated on a 4-point Likert scale × 

 Physics work ethic 4 items, rated on a 4-point Likert scale × 

 Academic self-concept in physics 4 items, rated on a 4-point Likert scale × 

 ICT interest 4 items, rated on a 4-point Likert scale × 

 Experience with touch devices 4 items, rated on a 5-point Likert scale − 

 Monitoring rating 1 item, rated from 0 to 30 points × 

Prior   

 Conceptual knowledge 15 items, multiple-choice-format × 

 Monitoring accuracya  × 

Big five personality trait domains   

 Extraversion 3 items, rated on a 5-point Likert scale − 

 Compatibility 3 items, rated on a 5-point Likert scale − 

 Conscientiousness 3 items, rated on a 5-point Likert scale − 

 Neuroticism 3 items, rated on a 5-point Likert scale − 

 Openness 3 items, rated on a 5-point Likert scale − 

Perceived ratings regarding the teaching unit   

 Cognitve load   

 Active cognitive load 1 item, rated on a 9-point Likert scale × 

 Passive cognitive load 1 item, rated on a 9-point Likert scale × 

 Affect   

 Arousal 1 item, rated on a 9-point Likert scale × 

 Mood 1 item, rated on a 9-point Likert scale × 

 Teaching quality  × 

  Cognitive activation 6 items, rated on a 4-point Likert scale × 

  Disturbances 3 items, rated on a 4-point Likert scale × 

  Teacher monitoring 5 items, rated on a 4-point Likert scale × 

  Teacher support 4 items, rated on a 4-point Likert scale × 

Characteristics of students‘ explanations   

 Completeness 1 coded item, range 0 to 10 points × 

 Elaboration 1 coded item, 1 point per elaboration × 

 Correctness 1 coded item, percentage value × 

Characteristics of students‘ drawings   

 Completeness 1 coded item, range 0 to 10 points × 

 Elaboration 1 coded item, 1 point per elaboration × 

 Correctness 1 coded item, percentage value × 

Characteristics of students‘ restudy notes 
regarding the generative learning activity 

phase 

  

 Completeness 1 coded item, range 0 to 10 points × 

 Elaboration 1 coded item, 1 point per elaboration × 

 Correctness 1 coded item, percentage value × 

Retrieval quiz   
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Variable Number/type of items Used in 

present 

paper 

 Retrieval success 1 coded item, range 0 to 13 retrieved core 

concepts 

× 

Characteristics of students’ restudy notes 

regarding the retrieval practice phase 

  

 Completeness 1 coded item, range 0 to 10 points × 

 Elaboration 1 coded item, 1 point per elaboration × 

 Correctness 1 coded item, percentage value × 

Perceived ratings immediately after 

interventions 

  

 Active cognitive load 1 item, rated on a 9-point Likert scale × 

 Passive cognitive load 1 item, rated on a 9-point Likert scale × 

 Task interest 2 items, rated on a 4-point Likert scale − 

 Task enjoyment 2 items, rated on a 4-point Likert scale − 

 Arousal 1 item, rated on a 9-point Likert scale − 

 Mood 1 item, rated on a 9-point Likert scale − 

 Monitoring rating 1 item, rated from 0 to 30 points × 

Immediate   

 Conceptual knowledge 15 items, multiple-choice-format × 

 Monitoring accuracya  × 

Perceived rating delayed after learning activity   

 Monitoring rating 1 item, rated from 0 to 30 points × 

Lasting   

 Conceptual knowledge 15 items, multiple choice format × 

 Monitoring accuracya  × 

Note. All variables are presented in chronological order. aMonitoring accuracy is determined by the difference 

between students’ estimated and actual performance.
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Appendix B 

Summary of Means and Standard Deviations for All Measurements by Condition 

Variable Non-Generation Generation 

Non-Retrieval Retrieval Non-Retrieval Retrieval 

M SD M SD M SD M SD 

Students’ prerequisites 

  Interest in physics (1-4) 2.65 0.69 2.74 0.60 2.66 0.58 2.77 0.70 

  Physics work ethic (1-4) 2.71 0.55 2.82 0.53 2.77 0.59 2.93 0.59 

  Academic self-concept in physics (1-4) 2.47 0.74 2.58 0.62 2.54 0.72 2.73 2.75 

  ICT interest (1-4) 3.06 0.56 3.24 0.49 3.13 0.56 3.07 0.53 

Prior 

  Conceptual knowledge (0-30) 8.70 3.59 9.10 4.28 8.78 3.53 9.04 3.89 

  Monitoring accuracya (-30-30) 6.31 7.43 7.10 6.53 7.24 6.65 8.07 7.48 

Perceived ratings regarding the teaching unit 

  Cognitive load 

    Active cognitive load (1-9) 5.61 1.86 5.78 1.76 5.71 1.84 6.02 1.81 

    Passive cognitive load (1-9) 3.52 1.98 3.34 1.73 3.33 1.74 3.29 1.70 

  Affect 

    Arousal (1-9) 4.47 2.17 4.97 1.87 4.47 2.08 4.88 2.02 

    Mood (1-9) 6.06 2.00 6.07 2.01 6.15 1.83 6.12 1.96 

  Teaching quality 

    Cognitive activation (1-4) 2.61 0.52 2.62 0.53 2.55 0.57 2.72 0.49 

    Disturbances (1-4) 1.80 0.74 1.84 0.64 1.87 0.69 1.97 0.71 

    Teacher monitoring (1-4) 2.94 0.55 2.89 0.62 2.85 0.59 2.85 0.59 

    Teacher support (1-4) 3.27 0.58 3.17 0.67 3.07 0.64 3.14 0.62 

Characteristics of students’ explanations 

  Completeness (0-10 points) ─ ─ ─ ─ 4.49 2.67 4.86 2.62 

  Elaboration (each 1 point) ─ ─ ─ ─ 3.91 3.96 5.14 5.51 

  Correctness (percentage) ─ ─ ─ ─ 91.23 14.54 90.79 15.16 

Characteristics of students’ drawings 

  Completeness (0-10 points) ─ ─ ─ ─ 6.69 2.43 6.52 2.59 

  Elaboration (each 1 point) ─ ─ ─ ─ 0.74 1.17 1.05 2.18 



APPENDIX 237 

Variable Non-Generation Generation 

Non-Retrieval Retrieval Non-Retrieval Retrieval 

M SD M SD M SD M SD 

  Correctness (percentage) ─ ─ ─ ─ 91.50 9.46 90.85 11.51 

Characteristics of students’ restudy notes 

regarding the generative learning activity phase 

  Completeness (0-10 points) 3.72 2.24 4.13 2.18 ─ ─ ─ ─ 

  Elaboration (each 1 point) 1.16 1.42 1.24 1.28 ─ ─ ─ ─ 

  Correctness (percentage) 89.98 19.73 93.00 12.70 ─ ─ ─ ─ 

Retrieval quiz 

  Retrieval success (0-12 retrieved concepts) 5.54 0.90 5.64 0.92 

Characteristics of students’ restudy notes 

regarding the retrieval practice phase 

  Completeness (0-10 points) 3.79 2.35 ─ ─ 3.95 2.13 ─ ─ 

  Elaboration (each 1 point) 1.14 1.51 ─ ─ 0.76 0.99 ─ ─ 

  Correctness (percentage) 91.76 15.69 ─ ─ 93.48 13.07 ─ ─ 

Perceived ratings regarding the interventions 

  Cognitive load 

    Active cognitive load (1-9) 5.12 2.40 5.86 2.06 5.70 2.09 6.10 2.05 

    Passive cognitive load (1-9) 3.35 2.02 4.21 1.94 4.24 1.76 4.53 2.09 

Immediate 

  Conceptual knowledge (0-30) 15.20 5.26 15.94 5.03 15.53 4.76 16.89 5.64 

  Monitoring accuracya (-30-30) -0.81 7.32 -1.12 6.83 -0.56 6.79 -1.43 7.79 

Lasting 

  Conceptual knowledge (0-30) 12.64 4.32 13.26 5.11 12.47 4.84 13.49 4.89 

  Monitoring accuracya (-30-30) -0.78 6.55 -0.10 6.41 1.15 6.97 0.88 7.23 

Note. aMonitoring accuracy reflects the difference between students’ estimated and actual performance. Negative values indicate underestimation, 

positive values indicate overestimation, and a value of zero represents perfect judgment accuracy. 
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Appendix C 

Correlations Separated by Experimental Condition 

 Variable 1 2 3 4 5 

1 

 

Prior conceptual 

knowledge 

−     

2 

 

Prior monitoring accuracy 

 

(-.40*|-.53*| 

-.47*|-.69*) 

−    

3 

 

Students’ explanations 

completenessa 

(-|-| 

.12|-.01) 

(-|-| 

-.08|.06) 

−   

4 

 

Students’ explanations 

elaborationa 

(-|-| 

-.19|-.03) 

(-|-| 

.10|.05) 

(-|-| 

.34*|.37*) 

−  

5 

 

Students’ explanations 

correctnessa 

(-|-| 

.11|-.16) 

(-|-| 

-.07|.12) 

(-|-| 

.21|.23*) 

(-|-| 

.12|.08) 

− 

6 

 

Students’ drawings 

completenessa 

(-|-| 

-.10|-.05) 

(-|-| 

.18|.13) 

(-|-| 

.28*|.31*) 

(-|-| 

.10|.09) 

(-|-| 

.22|.11) 

7 

 

Students’ drawings 

elaborationa 

(-|-| 

.06|-.07) 

(-|-| 

.01|-.05) 

(-|-| 

-.03|.01) 

(-|-| 

.07|.27*) 

(-|-| 

-.02|.17) 

8 

 

Students’ drawings 

correctnessa 

(-|-| 

.04|-.24*) 

(-|-| 

-.27*|.10) 

(-|-| 

.30*|.35*) 

(-|-| 

.14|.23*) 

(-|-| 

.14|.18) 

9 

 

Students‘ restudy notes 

completenessa 

(.17|.02| 

-|-) 

(-.08|-.11| 

-|-) 

(-|-| 

-|-) 

(-|-| 

-|-) 

(-|-| 

-|-) 

10 

 

Students‘ restudy notes 

elaborationa 

(.16|.06| 

-|-) 

(.05|.04| 

-|-) 

(-|-| 

-|-) 

(-|-| 

-|-) 

(-|-| 

-|-) 

11 

 

Students‘ restudy notes 

correctnessa 

(.12|.13| 

-|-) 

(-.16|-.11| 

-|-) 

(-|-| 

-|-) 

(-|-| 

-|-) 

(-|-| 

-|-) 

12 

 

Retrieval successb 

 

(-|.18| 

-|.01) 

(-|-.05| 

-|.02) 

(-|-| 

-|.28*) 

(-|-| 

-|.09) 

(-|-| 

-|.06) 

13 

 

Students‘ restudy notes 

completenessb 

(.11|-| 

-.03|-) 

(-.08|-| 

-.18|-) 

(-|-| 

.49*|-) 

(-|-| 

.19|-) 

(-|-| 

.17|-) 

14 

 

Students‘ restudy notes 

elaborationb 

(.13|-| 

.01|-) 

(.10|-| 

-.16|-) 

(-|-| 

.29*|-) 

(-|-| 

.42*|-) 

(-|-| 

.24*|-) 

15 

 

Students‘ restudy notes 

correctnessb 

(.08|-| 

.11|-) 

(-.04|-| 

-.06|-) 

(-|-| 

.09|-) 

(-|-| 

-.06|-) 

(-|-| 

.43*|-) 

16 

 

Active cognitive loadc 

 

(-.04|-.08| 

.05|-.31*) 

(-.14|.10| 

-.05|.35*) 

(-|-| 

.08|.24*) 

(-|-| 

.15|.16) 

(-|-| 

.02|.03) 

17 

 

Passive cognitive loadc 

 

(-.28*|-.25*| 

.00|-.09) 

(.22|.18| 

-.06|-.01) 

(-|-| 

-.01|.15) 

(-|-| 

.26*|-.02) 

(-|-| 

-.09|-.12) 

18 

 

Immediate conceptual 

knowledge 

(.11|.44*| 

.52*|.27*) 

(.06|-.17| 

-.21|-.08) 

(-|-| 

.27*|.27*) 

(-|-| 

.04|.30*) 

(-|-| 

.14|.06) 

19 

 

Immediate monitoring 

accuracy 

(.06|-.14| 

-.29|-.25*) 

(.43*|.43*| 

.42*|.52*) 

(-|-| 

-.15|-.01) 

(-|-| 

.12|-.03) 

(-|-| 

-.18|-.03) 

20 

 

Lasting conceptual 

knowledge 

(.22|.48*| 

.31|.35*) 

(-.05|-.33*| 

-.13|-.23*) 

(-|-| 

.34*|.12) 

(-|-| 

.24*|.11) 

(-|-| 

.23|-.06) 

21 

 

Lasting monitoring 

accuracy 

(.07|-.24| 

-.12|-.20) 

(.36*|.48*| 

.32*|.33*) 

(-|-| 

-.26*|.17) 

(-|-| 

-.10|.08) 

(-|-| 

-.26*|.10) 
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 Variable 6 7 8 9 10 

1 

 

Prior conceptual 

knowledge 

     

2 

 

Prior monitoring accuracy 

 

     

3 

 

Students’ explanations 

completenessa 

     

4 

 

Students’ explanations 

elaborationa 

     

5 

 

Students’ explanations 

correctnessa 

     

6 

 

Students’ drawings 

completenessa 

−     

7 

 

Students’ drawings 

elaborationa 

(-|-| 

.05|-.10) 

−    

8 

 

Students’ drawings 

correctnessa 

(-|-| 

.30*|.41*) 

(-|-| 

.06|.13) 

−   

9 

 

Students‘ restudy notes 

completenessa 

(-|-| 

-|-) 

(-|-| 

-|-) 

(-|-| 

-|-) 

−  

10 

 

Students‘ restudy notes 

elaborationa 

(-|-| 

-|-) 

(-|-| 

-|-) 

(-|-| 

-|-) 

(.39*|.24*| 

-|-) 

− 

11 

 

Students‘ restudy notes 

correctnessa 

(-|-| 

-|-) 

(-|-| 

-|-) 

(-|-| 

-|-) 

(.44*|.48*| 

-|-) 

(.27*|.21| 

-|-) 

12 

 

Retrieval successb 

 

(-|-| 

-|.21*) 

(-|-| 

-|-.04) 

(-|-| 

-|.18) 

(-|.34*| 

-|-) 

(-|.46*| 

-|-) 

13 

 

Students‘ restudy notes 

completenessb 

(-|-| 

.25*|-) 

(-|-| 

.05|-) 

(-|-| 

.34*|-) 

(.77*|-| 

-|-) 

(.49*|-| 

-|-) 

14 

 

Students‘ restudy notes 

elaborationb 

(-|-| 

.07|-) 

(-|-| 

-.15|-) 

(-|-| 

.23*|-) 

(.36*|-| 

-|-) 

(.80*|-| 

-|-) 

15 

 

Students‘ restudy notes 

correctnessb 

(-|-| 

-.20|-) 

(-|-| 

.19|-) 

(-|-| 

.05|-) 

(.34*|-| 

-|-) 

(.18|-| 

-|-) 

16 

 

Active cognitive loadc 

 

(-|-| 

-.03|.08) 

(-|-| 

.13|.03) 

(-|-| 

.10|.11) 

(.09|.06| 

-|-) 

(.21|-.05| 

-|-) 

17 

 

Passive cognitive loadc 

 

(-|-| 

-.12|-.04) 

(-|-| 

-.08|.10) 

(-|-| 

.08|.02) 

(-.15|.16| 

-|-) 

(.01|-.08| 

-|-) 

18 

 

Immediate conceptual 

knowledge 

(-|-| 

.20|.11) 

(-|-| 

.27*|.23*) 

(-|-| 

.28*|.30*) 

(.41*|.32*| 

-|-) 

(.50*|.35*| 

-|-) 

19 

 

Immediate monitoring 

accuracy 

(-|-| 

-.07|.09) 

(-|-| 

.10|-.20) 

(-|-| 

-.34*|-.13) 

(-.13|-.12| 

-|-) 

(-.15|-.11| 

-|-) 

20 

 

Lasting conceptual 

knowledge 

(-|-| 

.28*|.07) 

(-|-| 

.34*|.12) 

(-|-| 

.20|.06) 

(.33*|.34*| 

-|-) 

(.48*|.19| 

-|-) 

21 

 

Lasting monitoring 

accuracy 

(-|-| 

-.09|.03) 

(-|-| 

.00|-.11) 

(-|-| 

-.13|.07) 

(-.17|-.22| 

-|-) 

(-.04|.05| 

-|-) 
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 Variable 11 12 13 14 15 

1 

 

Prior conceptual 

knowledge 

     

2 

 

Prior monitoring accuracy 

 

     

3 

 

Students’ explanations 

completenessa 

     

4 

 

Students’ explanations 

elaborationa 

     

5 

 

Students’ explanations 

correctnessa 

     

6 

 

Students’ drawings 

completenessa 

     

7 

 

Students’ drawings 

elaborationa 

     

8 

 

Students’ drawings 

correctnessa 

     

9 

 

Students‘ restudy notes 

completenessa 

     

10 

 

Students‘ restudy notes 

elaborationa 

     

11 

 

Students‘ restudy notes 

correctnessa 

−     

12 

 

Retrieval successb 

 

(-|.30*| 

-|-) 

−    

13 

 

Students‘ restudy notes 

completenessb 

(.37*|-| 

-|-) 

(-|-| 

-|-) 

−   

14 

 

Students‘ restudy notes 

elaborationb 

(.24*|-| 

-|-) 

(-|-| 

-|-) 

(.42*|-| 

.39*|-) 

−  

15 

 

Students‘ restudy notes 

correctnessb 

(.67*|-| 

-|-) 

(-|-| 

-|-) 

(.35*|-| 

.20|-) 

(.22|-| 

.17|-) 

− 

16 

 

Active cognitive loadc 

 

(.11|.01| 

-|-) 

(-|-.05| 

-|.30*) 

(.04|-| 

-.01|-) 

(.15|-| 

.19|-) 

(-.05|-| 

.06|-) 

17 

 

Passive cognitive loadc 

 

(-.22*|.01| 

-|-) 

(-|.05| 

-|.18) 

(-.17|-| 

-.01|-) 

(.04|-| 

.22*|-) 

(-.14|-| 

-.03|-) 

18 

 

Immediate conceptual 

knowledge 

(.25*|.17| 

-|-) 

(-|.50*| 

-|.37*) 

(.47*|-| 

.10|-) 

(.44*|-| 

.14|-) 

(.17|-| 

.05|-) 

19 

 

Immediate monitoring 

accuracy 

(-.08|-.01| 

-|-) 

(-|-.12| 

-|-.14) 

(-.17|-| 

-.28*|-) 

(-.08|-| 

-.22*|-) 

(-.07|-| 

-.11|-) 

20 

 

Lasting conceptual 

knowledge 

(.15|.30*| 

-|-) 

(-|.39*| 

-|.21) 

(.43*|-| 

.10|-) 

(.41*|-| 

.12|-) 

(.13|-| 

-.10|-) 

21 

 

Lasting monitoring 

accuracy 

(-.10|-.23| 

-|-) 

(-|-.13| 

-|.00) 

(-.21|-| 

-.29*|-) 

(.06|-| 

-.27*|-) 

(-.09|-| 

.09|-) 
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 Variable 16 17 18 19 20 

1 

 

Prior conceptual 

knowledge 

     

2 

 

Prior monitoring accuracy 

 

     

3 

 

Students’ explanations 

completenessa 

     

4 

 

Students’ explanations 

elaborationa 

     

5 

 

Students’ explanations 

correctnessa 

     

6 

 

Students’ drawings 

completenessa 

     

7 

 

Students’ drawings 

elaborationa 

     

8 

 

Students’ drawings 

correctnessa 

     

9 

 

Students‘ restudy notes 

completenessa 

     

10 

 

Students‘ restudy notes 

elaborationa 

     

11 

 

Students‘ restudy notes 

correctnessa 

     

12 

 

Retrieval successb 

 

     

13 

 

Students‘ restudy notes 

completenessb 

     

14 

 

Students‘ restudy notes 

elaborationb 

     

15 

 

Students‘ restudy notes 

correctnessb 

     

16 

 

Active cognitive loadc 

 

−     

17 

 

Passive cognitive loadc 

 

(.20|.24*| 

.13|.36*) 

−    

18 

 

Immediate conceptual 

knowledge 

(.04|-.19| 

.30*|.09) 

(-.08|.03| 

.09|.03) 

−   

19 

 

Immediate monitoring 

accuracy 

(-.11|.34*| 

.11|.20) 

(.11|-.05| 

-.05|-.08) 

(-.48*|-.48*| 

-.40*|-.53*) 

−  

20 

 

Lasting conceptual 

knowledge 

(.11|-.04| 

.25*|-.06) 

(.02|.01| 

-.05|-.03) 

(.66*|.52*| 

.56*|.67*) 

(-.24*|-.19| 

-.08|-.34*) 

− 

21 

 

Lasting monitoring 

accuracy 

(-.14|.08| 

-.21|.11) 

(.02|-.13| 

.10|-.14) 

(-.15|-.12| 

-.10|-.26*) 

(.51*|.35*| 

.23*|.38*) 

(-.46*|-.56*| 

-.50*|-.54*) 

Note. The data in this table are based on the raw data. Numbers in brackets represent the correlations separated 

for experimental conditions: first = non-generation + non-retrieval; second = non-generation + retrieval; third = 

generation + non-retrieval; fourth = generation + retrieval. 
a Variables regarding the generative learning activity phase (non-generation, generation).  
b Variables regarding the retrieval practice phase (non-retrieval, retrieval).  
c Variables regarding the interventions (non-generation + non-retrieval, non-generation + retrieval, generation + 

non-retrieval, generation + retrieval). 
*p < .050.  
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Appendix D 

Structural Equation Modeling Results for Conceptual Knowledge and Monitoring Accuracy 

Variable β SE p 

Conceptual knowledge    

 Immediate    

  Generationa 0.05 0.21 .797 

  Retrievalb 0.11 0.11 .307 

  Interaction (Generation × Retrieval) 0.12 0.20 .537 

  Prior conceptual knowledge 0.33 0.08 <.001 

 Lasting    

  Generationa -0.06 0.17 .722 

  Retrievalb 0.06 0.23 .783 

  Interaction (Generation × Retrieval) 0.12 0.24 .598 

  Prior conceptual knowledge 0.35 0.08 <.001 

Monitoring accuracy    

 Immediate    

  Generationa -0.01 0.13 .969 

  Retrievalb -0.08 0.25 .748 

  Interaction (Generation × Retrieval) -0.09 0.25 .726 

  Prior monitoring accuracy 0.46 0.04 <.001 

 Lasting    

  Generationa 0.25 0.15 .093 

  Retrievalb 0.08 0.13 .551 

  Interaction (Generation × Retrieval) -0.18 0.16 .268 

  Prior monitoring accuracy 0.37 0.08 <.001 

Note. Significant results are highlighted in bold letters; p < .050. 
a 0 = non-generative, 1 = generative. b 0 = non-retrieval, 1 = retrieval. 
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Appendix E 

Summary of the Moderation Analyses With Characteristics of Students’ Explanations and 

Restudy Notes Regarding Immediate and Lasting Conceptual Knowledge 

Variable β SE p 

Immediate conceptual knowledge    

 Completeness as moderator    

  Generationa 0.07 0.10 .465 

  Retrievalb 0.14 0.04 .001 

  Completeness 0.27 0.07 <.001 

  Interaction (Generation × Retrieval × Completeness) -0.07 0.07 .316 

  Prior conceptual knowledge 0.31 0.08 <.001 

 Elaboration as moderator    

  Generationa -0.07 0.17 .678 

  Retrievalb 0.14 0.06 .012 

  Elaboration 0.25 0.13 .053 

  Interaction (Generation × Retrieval × Elaboration) -0.04 0.12 .738 

  Prior conceptual knowledge 0.34 0.08 <.001 

 Correctness as moderator    

  Generationa 0.13 0.11 .233 

  Retrievalb 0.17 0.05 <.001 

  Correctness 0.09 0.07 .208 

  Interaction (Generation × Retrieval × Correctness) -0.11 0.09 .201 

  Prior conceptual knowledge 0.32 0.08 <.001 

Lasting conceptual knowledge    

 Completeness as a moderator    

  Generationa -0.03 0.13 .836 

  Retrievalb 0.11 0.14 .438 

  Completeness 0.31 0.08 <.001 

  Interaction (Generation × Retrieval × Completeness) -0.20 0.06 .002 

  Prior conceptual knowledge 0.33 0.07 <.001 

 Elaboration as moderator    

  Generationa -0.22 0.15 .134 

  Retrievalb 0.14 0.15 .321 

  Elaboration 0.38 0.12 .002 

  Interaction (Generation × Retrieval × Elaboration) -0.28 0.10 .007 

  Prior conceptual knowledge 0.36 0.08 <.001 

 Correctness as moderator    

  Generationa 0.03 0.12 .796 

  Retrievalb 0.12 0.12 .355 

  Correctness 0.16 0.06 .004 

  Interaction (Generation × Retrieval × Correctness) -0.18 0.07 .006 

  Prior conceptual knowledge 0.33 0.08 <.001 

Note. Significant results are highlighted in bold letters; p < .050. 
a 0 = non-generative, 1 = generative. b 0 = non-retrieval, 1 = retrieval. 
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