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Abstract

Retrieval practice, spacing, feedback, and multisensory learning are the most

effective learning strategies we know of today that can optimize learning. Their benefits on

memory and learning have previously been shown using traditional pen-and-paper

approaches, but little is known about their ability to enhance memory in non-traditional,

underexplored, and real-world learning contexts such as mobile applications. Study 1 filled

this knowledge gap by conducting a meta-analysis on the effectiveness of mobile learning

applications and found a strong effect size (g = 0.88, 95% CI [0.62, 1.14]) for mobile

applications on learning, as well as a strong effect size (g = 0.95, 95% CI [0.56, 1.34]) for

learning outcomes using mobile applications that featured retrieval practice. Retrieval

practice specifically has also been shown to aid memory in other underexplored contexts,

such as during stress, where it is shown to have protective effects. To date, few studies have

adequately investigated its protective benefits in general and for other real-life stressors,

like test anxiety. Study 2 conducted a meta-analysis to determine whether retrieval

practice can make memory less sensitive to the detrimental effects of stressors. Study 2

found moderate evidence for retrieval practice compared to restudy in stress situations (g

= 0.45, 95% CI [0.19, 0.71]), though the effect of the stressor was not confirmed overall.

Study 3 experimentally tested whether learning with retrieval practice can protect memory

against the detrimental effects of test anxiety by subjecting participants to evaluative or

control testing conditions. Results showed that retrieval practice was effective regardless of

evaluative condition, though the effect of the test anxiety induction was again unsupported.

Together, these results highlight a complex interplay among learning strategies and stress

and advance our understanding of how these different factors and contexts shape memory.



Résumé en français

Le "retrieval practice", le feedback, l’espacement et l’apprentissage multisensoriel

sont aujourd’hui reconnus comme les stratégies d’apprentissage les plus efficaces pour

optimiser la mémorisation. Leurs bienfaits sur la mémoire et l’apprentissage ont été

démontrés dans des contextes traditionnels utilisant papier et crayon, mais on sait peu de

choses sur leur efficacité dans des contextes non traditionnels, peu explorés ou en

conditions réelles, comme les applications mobiles. L’étude 1 a comblé cette lacune en

menant une méta-analyse sur l’efficacité des applications mobiles d’apprentissage. Elle a

révélé un effet important (g = 0,88, IC 95% [0,62, 1,14]) des applications mobiles sur

l’apprentissage, ainsi qu’un effet fort (g = 0,95, IC 95% [0,56, 1,34]) pour les applications

intégrant la pratique de récupération. La "retrieval practice" a également montré des

bénéfices sur la mémoire dans d’autres contextes sous-explorés, comme en situation de

stress, où elle semble avoir un effet protecteur. À ce jour, peu d’études ont examiné de

manière rigoureuse ses bénéfices protecteurs en général et face à d’autres facteurs de stress

réels, comme l’anxiété liée aux examens. L’étude 2 a mené une méta-analyse pour

déterminer si le "retrieval practice" rend la mémoire moins sensible aux effets néfastes du

stress. Elle a trouvé une évidence modérée en faveur de le "retrieval practice" comparée à la

relecture en situation de stress (g = 0,45, IC 95% [0,19, 0,71]), bien que l’effet du facteur

de stress n’ait pas été confirmé de manière générale. L’étude 3 a testé expérimentalement si

l’apprentissage avec "retrieval practice" peut protéger la mémoire contre les effets négatifs

de l’anxiété liée aux tests, en exposant les participants à des conditions d’évaluation ou de

contrôle. Les résultats ont montré que le "retrieval practice" était efficace, quelle que soit la

condition évaluative, mais là encore, l’effet de l’induction de l’anxiété liée au test n’a pas

été confirmé. Pris ensemble, ces résultats mettent en évidence une interaction complexe

entre les stratégies d’apprentissage et le stress, et approfondissent notre compréhension de

la manière dont ces facteurs et contextes influencent la mémoire.
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“A memory is what is left when something happens and does not completely unhappen.”

- Edward de Bono, 1933-2021
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1. Introduction

Learning is at the core of everything we do. Cognitive learning strategies like

retrieval practice, feedback, spacing, and multisensory learning can enhance our ability to

learn and remember. At the same time, information technologies like mobile applications

are changing the way we learn information. Identifying how these experimentally backed

learning strategies can improve mobile learning is critical to successfully adapt and

integrate new learning technologies (Reber & Rothen, 2018). On the other hand, stressful

events, such as exams, lead to decreased memory retrieval (Shields, Doty, et al., 2017;

Shields, Sazma, et al., 2017; Vogel & Schwabe, 2016). Whether learning strategies can

protect memory during these situations is a key concern for the memory and learning field,

and exploring these strategies further may help design effective cognitive interventions that

protect memory in the face of stressors. The aim of this thesis is to explore whether these

learning strategies can optimize learning in two areas that are critical for everyday life but

have not yet been examined sufficiently, namely mobile applications and stress. This aim

will be addressed through three main research questions: 1) Are learning strategies

implemented in mobile learning applications, and can they enhance learning in this

context? 2) Can learning strategies protect memory in the context of stress? 3) Can

learning strategies protect memory in the context of test anxiety?

1.1 Learning Strategies

A learning strategy is a process of organizing and selecting the appropriate way to

learn that best suits the current task demands (Gettinger & Seibert, 2002). Learning

strategies improve learning because they recruit a wide range of cognitive competencies,

such as acquiring, analyzing, organizing, synthesizing, and using information in a

goal-oriented and skillful way that enable understanding and learning and allow students to

retain information and think critically (Akinleke & Adeaga, 2014; Gettinger & Seibert,

2002; Kleijn et al., 1994; Mendezabal, 2013). The field of memory and learning has

identified four highly effective learning strategies that lead to better learning outcomes and
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memory performance, namely retrieval practice, spacing, feedback, and multisensory

learning (Carpenter et al., 2022; Dunlosky et al., 2013; Reber & Rothen, 2018; Weinstein

et al., 2018). The following sections elaborate on these strategies and the theories that

explain their effectiveness.

1.1.1 Retrieval Practice

Retrieval practice involves actively retrieving information from memory (Karpicke &

Roediger, 2008; Roediger & Karpicke, 2006). It is consistently shown to improve memory

more so than simple restudying, a phenomenon known as the testing effect (Karpicke &

Roediger, 2008; Roediger & Pyc, 2012; Rowland, 2014; Yang et al., 2018; Zaromb &

Roediger, 2010). In a seminal study, Roediger and Karpicke (2006) presented students (N

= 120) with two study passages to read for seven minutes. Then, participants were asked

to either restudy (reread) the passage or take a short test, in which they wrote down as

much of the passage as they could remember (retrieval practice). After a delay of five

minutes, two days or one week, participants were asked to retrieve as much as they could

from both passages. Results revealed that for the longer retention intervals of two days and

one week, participants who used retrieval practice performed significantly better than those

in the restudy condition, highlighting the long-term effectiveness of this strategy and

illustrating the testing effect (Figure 1).
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Figure 1
Sustained benefits of retrieval practice

Note. Results of the seminal study from Roediger & Karpicke (2006) showing the mean

proportion of idea units recalled on the final test after retention intervals of five minutes, two days,

or one week, as a function of learning condition. Figure adapted from Roediger & Karpicke, 2006.

Since Roediger and Karpicke’s (2006) seminal study, the benefits of retrieval

practice on memory have been demonstrated for a variety of learning materials, content

types and types of learning, including visuo-spatial learning (Kang, 2010), vocabulary

learning (Goossens et al., 2014; Kang et al., 2013), in classroom learning and across all

levels of schooling (Agarwal, D’Antonio, Roediger III, et al., 2014; Moreira et al., 2019;

Ritchie et al., 2013; Schwieren et al., 2017). Retrieval practice has also benefited patients

suffering memory impairments after brain injury (Coyne et al., 2015) and multiple sclerosis

(Sumowski et al., 2010b). Retrieval practice is effective across different test formats, like
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free recall, cued recall, and short-answer (Carpenter et al., 2006; Moreira et al., 2019).

Retrieval practice can also benefit the learning and retention of new information

encountered after the initial practice, a phenomenon known as the forward testing effect

(Pastötter & Bäuml, 2014; Pastötter & Frings, 2019; Yang et al., 2018) and enhance

retention of previously studied material, known as the backward testing effect (Roediger &

Karpicke, 2006). Additionally, retrieval practice can be covert, which involves silently

recalling information internally, and it can be overt, or requiring external expression of the

recalled content (M. A. Smith et al., 2013).

Retrieval practice consistently outperforms other frequently used learning strategies.

For example, many studies have shown its effectiveness over highlighting or restudying

(Moreira et al., 2019; Roediger & Karpicke, 2006; Rowland, 2014; Schwieren et al., 2017).

Carpenter et al. (2016) found that retrieval practice with feedback was more effective than

simply copying notes in a biology course. When compared to mind-mapping, another

commonly used technique that supposedly requires more effort than mere note-taking,

Karpicke and Blunt (2011) found that retrieval practice produced significantly better

learning outcomes, a result that has been replicated in other studies (O’Day & Karpicke,

2020; Ritchie et al., 2013).

Several theories have been proposed to explain why retrieval practice is so effective.

The episodic context account, the leading theory on the topic, states that contextual

memory cues become bound to the learned items during learning (Lehman et al., 2014).

This contextual information becomes updated with new information each time the item

gets retrieved, thereby making it easier to access the memory traces at each retrieval. These

changes involve strengthening the links between the memory trace and its contextual cues,

as well as integrating additional retrieval-relevant features, which together enhance the

accessibility of the memory in future recall attempts (Karpicke, 2017; Lehman et al., 2014).

The transfer-appropriate processing (TAP) theory posits that memory performance

is optimal when the encoding processes during initial learning align with those used during
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recall. Because retrieval practice involves actively recalling information, this mirrors the

cognitive demands of future assessments, thereby strengthening memory traces and

improving retention (Karpicke, 2017). Other theories suggest that retrieval practice creates

"desirable difficulties" by requiring effortful retrieval, which strengthens memory

consolidation and improves retention (Adesope et al., 2017; E. L. Bjork & Bjork, 2011;

R. A. Bjork & Bjork, 2020; Wenzel & Reinhard, 2021).

Recently, the bifurcation model entered the scene to explain the benefits of retrieval

practice (Kornell et al., 2011; Racsmány et al., 2020). This model posits that retrieval

attempts selectively strengthen the memories of successfully retrieved items, while

unretrieved items remain unaffected. This process creates a divergence or "bifurcation" in

memory strength, with retrieved items becoming more durable and accessible over time,

while unretrieved items fail to benefit. The model also emphasizes that retrieval attempts

are extremely important and suggests that strategies or conditions that maximize retrieval

success can improve long-term retention and benefit retrieval practice.

1.1.2 Spacing

Spacing, synonymous with distributed learning, is when learning is conducted over

several intervals with time in-between each interval. This approach dates back to the

foundational research of Ebbinghaus, who concluded it to be more effective than learning

with short intervals between sessions, known as massed training or massed learning (or

more commonly, "cramming"). Ebbinghaus himself stated that, "With any significant

number of repetitions, spreading them out over time is significantly more beneficial than

clustering them together at one time" (Ebbinghaus, 2013). Today, this theory is known as

the spacing effect (Figure 2).

Spaced learning has been shown to significantly improve long-term memory

formation. In Sobel et al. (2011), students who reviewed vocabulary words one week after

initial learning performed 177% better on a test than those who practiced massed. Despite

believing massed learning was more effective, Kornell and Bjork (2008) found that students
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who used spaced practice had enhanced long-term conceptual understanding, supporting

better retention and category formation.

Figure 2
Experimental paradigm for the spacing effect

Note. Figure adapted from Kang (2016) illustrating a spaced practice schedule and a massed

practice schedule.

One theory explaining why spacing is so effective is the retrieval theory. This theory

suggests that when an item is repeated after a delay, it triggers active recall of the prior

occurrence, which, in turn, strengthens memory. In contrast, massed repetition eliminates

this retrieval process because the information is only presented and does not require

retrieval (Wahlheim et al., 2014). Bahrick and Hall (2005) proposed that learners

experience more retrieval failures when sessions are spaced over time, which push them to

change and improve their memory strategies, like using better mental images or

connections. This strategy shift leads to stronger, longer-lasting memory. In contrast, when

practice is massed, fewer failures occur, so learners stick to less effective strategies. As a

side note, this theory was later evolved into the mediator-shift hypothesis to also explain

the benefits of testing with restudying (Pyc & Rawson, 2012). Another perspective is the

contextual variability theory, which proposes that spaced repetitions occur in different
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learning contexts, both internally and externally, providing a greater diversity of retrieval

cues that enhance memory retention (Glenberg, 1979). These theories are not mutually

exclusive, and it is likely that multiple mechanisms contribute to the memory advantage

observed with spaced practice.

1.1.3 Corrective Feedback

Corrective feedback is a type of feedback that provides information to a learner

about how well a task is being accomplished or performed (Hattie & Timperley, 2007;

Metcalfe, 2017). In the Power of Feedback, Hattie and Timperley (2007) state that the

"purpose of feedback is to reduce discrepancies between current understandings and

performance and a goal." It typically involves distinguishing between correct and incorrect

answers, which is needed for feedback to be effective (Pashler et al., 2005), acquiring

additional or different information, or building more surface knowledge (Figure 3).

In Butler and Roediger (2008), participants studied reading passages during a study

phase and were then given a multiple-choice test with either immediate feedback, delayed

feedback (at the end of the test), or no feedback. A final cued recall memory test was

administered after a one-week delay. Results showed that participants in the immediate

and delayed feedback conditions recalled significantly better at the delayed memory test

than participants who did not receive feedback (Butler & Roediger, 2008), suggesting that

feedback improved learning. Meta-analyses also suggest that peer feedback has a highly

positive effect on various learning outcomes, including second language learning (Vuogan &

Li, 2023), medical education (Kim & Kim, 2023), and various school assignments (Fryer &

Leenknecht, 2023).

The underlying mechanisms that explain why feedback is effective relate to the

"prediction-error" signal in the brain (Friston, 2005; Wilkinson, 2014). When individuals

receive feedback that calls out discrepancies, this feedback triggers a prediction-error signal

that prompts learners to adjust their internal expectations to better align with reality. By

comparing predictions with actual outcomes on an iterative basis and by updating internal
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models accordingly, corrective feedback reduces prediction-error and facilitates learning.

Another theory called recursive reminding suggests that errors made while learning can

enhance memory retrieval by prompting individuals to recall the contextual details

surrounding their mistakes and subsequent corrections (Jacoby & Wahlheim, 2013). The

idea here is that individuals are likely to remember the context in which they made the

error, which would then prompt them to remember the correct answer.

Figure 3
A model of giving feedback to improve learning

Note. Figure adapted from Hattie and Timperley (2007).

1.1.4 Multisensory Learning

Multisensory, or multi-modal, learning is the notion that learning from two or more

streams of information is better than unimodal learning, or using one stream (Shams &

Seitz, 2008). For instance, learning using both written diagrams and listening to a lecture

is better than using only one of these sources of information (Figure 4). This strategy
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aligns closest with how we behave in the real world because our brain is constantly

perceiving and integrating information from multiple streams. Experimental evidence

suggests that when courses are redesigned to incorporate multimedia components such as

discussion forums and projects as opposed to a textual delivery format, significant

improvements in student engagement and outcomes are observed (Schilling, 2009).

Favorable learning outcomes are also been achieved when language learning material is

presented in different modes (Ajayi, 2012).

Multisensory strategies are thought to enhance learning by providing multiple

neural processing routes for the storage and retrieval of that information (Shams & Seitz,

2008). In other words, because information is stored in various forms (i.e., visual, auditory,

ect), it can be accessed and retrieved more easily using any number of neural access routes.

Additionally, audio-visual presentations of learning material activate larger areas of the

brain, including those responsible for processing auditory and visual information, compared

to unimodal presentations. This utilization of multiple processing pathways is believed to

aid retrieval by leveraging redundant information stored across distributed brain regions

(Shams & Seitz, 2008), thus facilitating learning.
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Figure 4
Multisensory inputs for learning

Note. Figure adapted from Sanfilippo et al. (2022).

1.1.5 Summary

Retrieval practice, spacing, corrective feedback, and multisensory learning are four

of the most effective learning strategies we know of today (Dunlosky et al., 2013; Reber &

Rothen, 2018; Weinstein et al., 2018). Moreover, retrieval practice and spacing receive the

highest utility ratings because they benefit learners of all ages and abilities (Dunlosky

et al., 2013). Studies exploring the effectiveness of these learning strategies have been

conducted in classrooms or laboratory-based settings (Moreira et al., 2019; Rowland, 2014;

Weinstein et al., 2018). Despite their effectiveness in these contexts, these learning

strategies have not been adequately explored in non-traditional learning contexts, such as

when using mobile applications or during stressful situations like acute stress or exams.

Therefore, investigating whether these strategies can enhance learning in non-traditional

contexts is a critical next step in memory and learning research.
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1.2 Mobile Learning

Non-traditional learning environments encompass a wide range of learning contexts

that depart from the traditional classroom pen-and-paper setting. One such environment is

mobile-assisted learning, also known as mobile learning, or m-learning, which refers to the

use of mobile devices for learning (Viberg & Grönlund, 2012). Mobile-assisted learning has

emerged as a popular form of non-traditional learning since the turn of the millennium

with the proliferation of mobile devices like smartphones, tablets, or other handheld mobile

devices. One type of mobile learning that has become popular over the last 20 years is

mobile-assisted language learning (MALL), which is the use of mobile learning technologies

to learn a language (Bano et al., 2018; Bozdoğan, 2015; Sung et al., 2015, 2016). This

chapter describes the advances, benefits, and challenges of mobile learning. Note that while

MALL is a well-researched area of mobile learning, this thesis does not focus on language

learning itself but instead uses MALL as a lens for examining learning technologies in a

different setting, allowing us to explore their broader applications and effectiveness.

1.2.1 Benefits of Mobile Learning

Mobile learning such as MALL offers many advantages over traditional learning

approaches, and these advantages make it a highly attractive mode of learning. For

example, it offers high levels of flexibility and convenience because learners can access

educational materials anytime and anywhere (Kukulska-Hulme & Bull, 2009). This

flexibility allows learners to tailor their learning experience to their own needs and

preferences, enabling them to learn at their own pace and on their own schedule.

Additionally, mobile devices allow learners to take advantage of "micro-learning"

opportunities, or short bursts of learning that can be completed during small pockets of

free time, such as during a commute or while waiting in line (Bozdoğan, 2015; Viberg &

Grönlund, 2012).

Another advantage of mobile learning is its ability to engage learners through

multimedia content. Mobile devices can display text, images, videos, and audio, providing
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a range of media for learners to interact with and learn from. This variety of content

formats allows learners to engage with the material in ways that are most effective for

them, increasing motivation and enhancing retention (Shadiev et al., 2018).

Mobile learning also facilitates real-time communication, and allows learners to

connect with their peers and teachers for discussion, feedback, and support. This

collaborative aspect of mobile learning can enhance the learning experience and foster a

sense of community (Bano et al., 2018; Bozdoğan, 2015; Sung et al., 2016; Tseng et al.,

2007). Finally, mobile learning can offer cost savings for both learners and educators, as

these devices are typically less expensive than computers and the access to educational

materials they offer can reduce the need for costly resources like textbooks.

1.2.2 Advances in Mobile Learning

Over the last 20 years, thousands of applications have been developed by

individuals, professionals and companies to aid learning. For instance, there has been a

proliferation of mobile applications to support foreign language vocabulary learning, such

as mobile flashcards and dictionaries (Bozdoğan, 2015; Rahimi & Miri, 2014; Q. Wu, 2014).

These mobile applications typically feature a learning system in which a target word is

presented on one side and the learner has several seconds to guess the correct answer

before it appears.

Additionally, a broad range of MALL applications have been developed and utilized

to facilitate other language skills, including grammar, reading abilities, writing skills and

pronunciation. For example, Li and Hegelheimer (2013) developed an application called

Grammar Clinic to assist users with their writing by helping them identify and correct

sentence-level errors. The application targeted 15 common grammatical error types, which

were identified based on their prevalence in a locally developed learner writing corpus.

Users were tasked with identifying and correcting errors, and feedback was provided for

each item. Similarly, Cavus (2016) developed an interactive mobile application to help

learners improve their skills in a multitude of language components, including vocabulary,
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pronunciation, listening, and comprehension, without the need for teacher assistance. The

authors integrated a speech recognition engine on mobile phones to identify words spoken

by learners, thereby facilitating the correction of pronunciation errors.

Mobile learning applications have also been designed to offer personalized content

tailored to the user’s learning levels, interests, and learning cycles. For example, Chen and

Chung (2008) developed a personalized mobile learning system that adjusts learning modes

based on learners’ prior knowledge and memory cycles, enhancing learning performance

and interests. Hsieh et al. (2012) proposed a personalized English article recommendation

system that suggests articles for learners to read based on their profiles, effectively

improving their English proficiency levels. Similarly, Hsu et al. (2013) designed a mobile

learning system featuring a reading material recommendation workflow that suggests

articles based on learners’ preferences and knowledge levels, together with a reading

annotation module that allows them to take notes from reading content.

1.2.3 Effectiveness and Challenges

Studies have reported conflicting results on the effectiveness of mobile learning.

Several meta-analyses have indicated that mobile learning is more effective than traditional

classroom-based approaches. Taj et al. (2016) and H. Cho et al. (2016) reported medium

effect sizes (d = 0.43 and d = 0.51, respectively) for MALL on foreign language learning,

while Mahdi (2018) demonstrated a medium effect size (d = 0.67) for vocabulary learning.

Garzón et al. (2023) found a medium-level (g = 0.89) positive effect on students’ learning

outcomes compared to traditional lectures, pedagogical tools, or other multimedia

resources, particularly for Bachelor’s level education. Sung et al. (2016) also observed a

medium effects favoring MALL for language learning methods, albeit with uncertain

long-term effectiveness. These findings, reinforced by studies in math and science areas

(Bano et al., 2018; Drigas & Pappas, 2015; Güler et al., 2022; Tlili et al., 2023), highlight

the potential of MALL to enhance learning outcomes.

However, other studies have not found a meaningful impact of mobile learning on
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learning outcomes. Martin and Ertzberger (2013) explored the effectiveness of mobile

learning compared to computer-based instruction in a group of 109 undergraduate

students. They found that, although the mobile learning group had positive attitudes

about the experience, they performed less well on a post-test than a computer-based

learning group. When Rachels and Rockinson-Szapkiw (2018) examined the mean

difference in performance between students who learned via a popular language learning

application compared to traditional learning methods, they observed a negative small effect

size (g = 0.05), suggesting mobile learning may not always be effective.

Research also points to several challenges in the mobile learning field that limit any

conclusions that can be drawn on its overall effectiveness. For example, Baran (2014) noted

the lack of clear best practices for how to best implement mobile learning in learning

outcomes. Scholars also agree that the field is fraught with a high degree of heterogeneity

and moderating factors among learning outcomes (Tamim et al., 2011), making it difficult

to distinguish whether the learning benefits originate from the applications themselves or

from other sources. Learners are exposed to a wide array of mobile applications with

varying levels of effectiveness, making it challenging to discern which options are most

beneficial for their educational needs (Tamim et al., 2011).

Moreover, experts highlight the need for mobile learning to be based on

scientifically-backed learning strategies, including retrieval practice, spacing, feedback, and

multisensory learning (Bano et al., 2018; Reber & Rothen, 2018; Roediger & Pyc, 2012).

Currently, a plethora of mobile applications are developed every year for different learning

purposes, but there is little effort to standardize and agree on how to optimize these

applications based on proven learning principles (Bano et al., 2018; Sung et al., 2016). In

their review studies, Sung et al. (2015, 2016) point out how important learning strategies

are missing from mobile applications and that their inclusion may improve learning

outcomes and effectiveness, but the authors do not mention which strategies are found to

be missing. This reveals a gap in our understanding of the effectiveness of mobile learning
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applications and the integration of effective learning strategies in these applications.

1.2.4 Summary

The inconsistent findings in the literature on the effectiveness of mobile learning and

its challenges indicates that a different approach to mobile learning needs to be assessed.

Experts emphasize that mobile learning must be grounded in well-established learning

strategies, including retrieval practice, spacing, feedback, and multisensory learning, to

maximize its effectiveness and promote meaningful learning outcomes (Bano et al., 2018;

Reber & Rothen, 2018; Roediger & Pyc, 2012). These four learning strategies are proposed

because they have been extensively researched and proven effective in traditional

educational settings (Dunlosky et al., 2013; Rowland, 2014; Schwieren et al., 2017).

1.3 Stressful Learning

Another type of non-traditional learning environment that affects our learning is

stressful learning. Stress is how organisms respond to any real or anticipated threats

(McEwen & Gianaros, 2011; Wolf, 2017). Stress encompasses psychological stressors like

uncontrollable situations or socio-evaluative threat like performance being judged or

evaluated (Cassady & Johnson, 2002; Dickerson & Kemeny, 2004; Wenzel & Reinhard,

2021). The detrimental effects of stressors on memory, particularly memory retrieval, have

been well-documented (Kuhlmann, 2005; Oei et al., 2006; Shields, Sazma, et al., 2017).

Retrieval practice, one of the four most effective learning strategies discussed in the

previous section, has emerged as a potential means to counteract these negative effects

(A. M. Smith et al., 2016). However, the extent to which it can enhance and protect

memory in stressful settings remains unclear. This chapter aims to explore the role of

psychological stressors in learning, their adverse effects on memory, and how retrieval

practice may offer a path to mitigate these effects.

1.3.1 Stress and Test Anxiety

Test anxiety, also called "academic stress," is a type of psychological stressor that

occurs during evaluative situations (Cassady & Johnson, 2002). Test anxiety is associated
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with a wide range of unfavorable symptoms, such as memory retrieval issues, decreased

motivation, increased potential for making mistakes, lack of concentration, disruptions in

attention, higher cognitive load, and reduced effort and persistence (Cassady, 2004;

Eysenck et al., 2007b; Hembree, 1988). Theories on test anxiety posit that it is triggered

by perceptions of threat (Lazarus & Folkman, 1987), and this concept has been

consistently supported by studies showing that students commonly perceive exams as

stressful and unpleasant (Beilock & Carr, 2016; Cardozo et al., 2020; Sarason, 1961, 1984;

Wenzel & Reinhard, 2021). This stress is not limited to graded assessments, and even tests

used solely for learning purposes can induce anxiety due to their challenging nature

(Wenzel & Reinhard, 2021). Factors like struggling to grasp certain subjects, fear of failure,

and disappointment from not meeting expectations can also lead to anxiety and worry,

which, in turn, contribute to academic stress and performance deficits (Cardozo et al.,

2020; Monteiro et al., 2007).

Laboratory studies demonstrate that both low-stakes and high-stakes tests evoke

feelings of pressure and anxiety, with high-stakes tests leading to even higher levels of

stress (Hinze & Rapp, 2014). Schoofs et al. (2008) examined the relationship between

stress biomarkers, such as cortisol and saliva, and oral exam performance. They exposed

participants to two oral examination sessions several weeks apart. Significant increases in

cortisol levels were observed on and during exam day (Schoofs et al., 2008), suggesting

increased levels of stress. Stojanović et al. (2021) investigated the impact of psychological

stress on salivary parameters by having participants perform cognitive tasks over three

days and measuring stress biomarkers. They found a significant increase in salivary cortisol

levels post-task, indicating heightened stress. Similarly, M. Cohen and Khalaila (2014)

explored saliva as a stress biomarker and its ability to predict exam performance. They

observed higher salivary pH levels post-exam, associated with reduced threat appraisal,

stress, and test anxiety levels. Additionally, they found that pH levels could be used to

predict perceived threat, stress, and test anxiety dimensions, meaning that these markers
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are viable correlates for increased stress levels.

1.3.2 The Stress Response

Psychological stressors like test anxiety can engage the body’s stress response

(Figure 5). The stress response is made up of two nervous systems, the fast-acting

autonomic nervous system (ANS) and sympathetic nervous system (SNS), and the

slower-acting hypothalamus-pituitary-adrenal axis (HPA axis) (Schwabe & Wolf, 2010b;

Shields, Doty, et al., 2017; Wolf, 2017). Within seconds of stress onset, the ANS and SNS

activate, triggering the release of neurotransmitters like noradrenaline from the locus

coreulus. These neurotransmitters prepare the body for a fight or flight response and

decrease activity in prefrontal regions of the brain responsible for decision-making and

planning (Roozendaal, 2002). Then, on a slower timescale of around 20-60 minutes, the

HPA axis activates, leading to increased production of glucocorticoids such as cortisol from

the adrenal glands. These hormones freely cross the blood-brain barrier and directly

influence neural activity in key memory centers in the brain like the hippocampus,

amygdala, and prefrontal cortex by binding to receptors found on neurons in those regions

(Cabeza & Nyberg, 2000; Joëls & Baram, 2009; Schwabe & Wolf, 2013; Shields, Sazma,

et al., 2017; Smeets, 2011). On an even longer time-scale of several days and weeks

following stress onset, neuroendocrine-immune interactions are observed (Pruett, 2001).

These interactions lead to the production of proinflammatory proteins that alter activity in

key memory centers of the brain, immunosuppression, autoimmune disoders, and other

functions that result in negative health consequences.

When individuals experience stressors like test anxiety, the body’s stress response

activates, leading to the release of stress hormones such as cortisol. These hormones can

cause various physical symptoms such as sweating, increased heart rate, and rapid

breathing, which are frequently reported in individuals with test anxiety (Cassady &

Johnson, 2002; Hembree, 1988; Schoofs et al., 2008). Additionally, cognitive symptoms

associated with test anxiety, such as difficulty concentrating and racing thoughts, can
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exacerbate the stress response even further (Cassady & Johnson, 2002). Moreover, when

stress becomes excessively severe or persists over an extended period, the level of these

stress hormones can remain elevated, hindering the body’s ability to adapt effectively. Such

situations can increase the likelihood of developing various health problems (McEwen &

Gianaros, 2011).

Figure 5
Diagram of body systems involved in the stress response

Note. In response to stress, the autonomic nervous system (ANS) rapidly activates, triggering the

release of catecholamines like noradrenaline from the adrenal medulla and brainstem, initiating

the ’fight-or-flight’ response and affecting attention and memory. Shortly after, the

hypothalamic–pituitary–adrenal (HPA) axis is engaged: the hypothalamus releases CRH, leading

to ACTH secretion from the pituitary, which stimulates cortisol release from the adrenal cortex.

Cortisol peaks 20–30 minutes post-stressor and crosses the blood-brain barrier to influence

cognition and emotion. It also exerts negative feedback on the HPA axis and brain areas like the

hippocampus to help end the stress response. Figure and note adapted from Vogel and Schwabe

(2016).
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1.3.3 Stress Induction Methods

Stress can be induced in laboratory settings using various paradigms. The most

well-established procedure is called the Trier Social Stress Test (TSST). The TSST is a

timed protocol involving tasks where performance is judged, such as preparing for an

interview and solving math problems (Kirschbaum et al., 1993). In addition to performance

judgments, individuals acting as the "judges" also treat subjects coldly without showing

emotion or enthusiasm, leading to psychological stress (Kirschbaum et al., 1993).

Stress can also be induced through instructions that hint at performance being

judged or scrutinized, such as intelligence tests (Almazrouei et al., 2022; Wenzel &

Reinhard, 2021). Another way stress can be induced is through physical procedures like the

Cold Pressor Test (CPT), where individuals immerse their hands in cold water. The CPT

task can be accompanied by socio-evaluative elements like solving math problems or being

judged (Schwabe & Schächinger, 2018; Schwabe et al., 2008). These methods of stress

induction are associated with increases in subjective anxiety measures and cortisol levels.

1.3.4 Effects of Stress on Memory

The type of memory that is explored in this thesis is episodic memory, which is the

ability to remember past events (Tulving, 1993). The effects of stress on episodic memory

depend on several factors, including timing. For example, stress experienced after encoding

typically enhances memory (Roozendaal, 2002; Smeets et al., 2008), especially for

emotional information (Buchanan & Lovallo, 2001), whereas stress induced before retrieval

impairs memory performance (de Quervain et al., 2000; Guenzel et al., 2013; Kuhlmann,

2005; Smeets, 2011). This impairment is typically seen when memory is measured 15-20

minutes after stress induction when the cortisol level is at its highest (Schwabe & Wolf,

2014; Shields, Sazma, et al., 2017). In this thesis, we are most interested in retrieval stress.

Specifically, test anxiety is associated with memory retrieval deficits (Cassady, 2010;

Huberty, 2009; Salend, 2011). When individuals experience test anxiety, their cognitive

resources may become overwhelmed by intrusive thoughts, worries, and physiological
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arousal, leading to difficulties in accessing and retrieving information stored in memory

(Cassady & Johnson, 2002). Moreover, the stress response associated with test anxiety

may impair the functioning of memory-related brain regions, further exacerbating memory

retrieval deficits (Vogel & Schwabe, 2016). These findings echo results reported in

large-scale meta-analyses examining the effects of test anxiety on memory, suggesting that

stressors like test anxiety are negatively correlated with a wide range of educational

performance outcomes, including memory performance on standardized tests, university

entrance exams, and grade point average (Hembree, 1988; von der Embse et al., 2018).

1.3.5 Mechanisms of Action

One way through which retrieval stress impairs memory is through

context-dependent mechanisms. The context-dependent memory theory suggests that

memory is improved when information is recalled in the same context in which it was

originally learned (S. M. Smith & Vela, 2001). However, a shift in context, such as

experiencing stress, can disrupt this process (S. M. Smith & Vela, 2001). In their

meta-analysis, Shields, Sazma, et al. (2017) proposed this context-shift theory as an

underlying mechanism to explain how stress acts on memory. They suggested that stress

could create a mental context shift that disrupts context-dependent memory. For example,

individuals might learn information in a calm state but struggle to recall it when stressed.

Support for the context-shift hypothesis comes from studies demonstrating that

stress-induced changes in mental state during memory retrieval can impair memory when

the retrieval context differs from the learning context (Schwabe et al., 2009). Trammell and

Clore (2014) discovered that post-encoding stress had a detrimental effect on memory,

unlike the enhancing effect that is usually observed when stress is induced right after

learning. The authors attributed this discrepancy to a primary methodological difference:

their participants experienced a change in context between learning and stress, whereas

most other studies exposed participants to stress in the same context as learning. This

memory impairment effect was also not seen in cases where the memory acquisition phase
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and stressor have the same context (e.g., Smeets et al., 2007). Together, these studies

suggest that stress disrupts the context-dependent nature of memory by creating a

mismatch between the encoding and retrieval contexts, leading to impaired memory.

1.3.6 Stress and Retrieval Practice

Stress can disrupt context-dependent memory by altering the internal state or

mental context in which information was initially encoded (Shields, Sazma, et al., 2017;

A. M. Smith & Thomas, 2018a). This means that when individuals experience stress

during memory retrieval, the context in which they learned the information may not match

their state at retrieval. As a result, it becomes more challenging to access and recall

memories effectively. Retrieval practice may offer a potential solution to this deficit by

improving memory accessibility. When individuals recall information in various contexts,

they become better at reinstating the specific contextual cues associated with the initial

learning environment, thereby making contextual details more readily available for future

retrieval attempts (Akan et al., 2018; Karpicke, 2012; Lehman et al., 2014). As a result,

even when stressors are present during retrieval, the strengthened memory traces and

enhanced availability of contextual details facilitated by retrieval practice can mitigate the

negative impact of stress on memory performance.

To date, research on the protective role of retrieval practice against retrieval stress

is scarce. A.M. Smith et al. (2016) conducted the first such investigation. They

demonstrated that participants who learned via retrieval practice and were exposed to

stress via a TSST protocol outperformed those who restudied and were also exposed to

stress. These results indicated that retrieval practice could create strong memories that are

resilient to the negative effects of acute stress on memory. However, they were not able to

replicate this finding in a next study (A. M. Smith et al., 2018), nor did other researchers

(Szőllősi et al., 2017). More recently, Klier and Buratto (2023) investigated the interaction

among retrieval practice, stress, and the difficulty level of study materials on memory

retention. Participants studied Swahili-Portuguese word pairs through restudy or retrieval
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practice. A week later, they took a cued-recall test before undergoing a stress or control

procedure. Notably, stress reduced recall of easy items but enhanced recall of difficult items

that had been successfully retrieved during encoding. Taken together, these studies suggest

that retrieval practice may mitigate the memory retrieval deficit typically experienced

during stress. However, the findings are inconsistent and sometimes inconclusive.

The literature for stressors like test anxiety and retrieval practice is mixed. Agarwal

et al. (2014) found that students who underwent a retrieval practice intervention in school

reported feeling less nervous about upcoming exams. This outcome suggested that retrieval

practice may decrease some of the symptoms associated with test anxiety that lead to

memory issues. Similarly, Szpunzar et al. (2013) found that participants who engaged in

interim testing reported lower anxiety about cumulative tests than those who did not.

These findings are consistent with other research by Brown and Tallon (2015), who

observed that pre-lecture quizzes reduced test anxiety before exams, and Piroozmanesh

and Imanipour (2018), who found that nursing students who took regular quizzes during a

course experienced significantly lower test anxiety before a final exam compared to those

who did not. More recently, Yang et al. (2023) looked at the overall impact of practice

tests (i.e., quizzes) on test anxiety across 24 studies with 3,374 participants. The results

indicated strong evidence that practice tests significantly reduce test anxiety to a moderate

extent, with easy quizzes being more effective than difficult ones. Together, these studies

indicate that retrieval practice may alleviate test anxiety, partly by familiarizing students

with testing and partly by reducing fear of the unknown (Yang et al., 2023)

In other cases, results do not show protective effects of retrieval practice on test

anxiety, particularly when assessed with other variables such as working memory capacity

(Tse & Pu, 2012; Yang et al., 2020). Bertilsson et al. (2021) investigated whether

individual differences in personality traits and working memory capacity moderated the

benefits of retrieval practice on long-term memory retention. Participants learned word

pairs through retrieval practice and restudying, with assessments at three time points: five
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minutes, one week, and four weeks after practice. They found a significant testing effect at

all time points, with no observable association between the testing effect and the examined

personality traits or working memory capacity.

Hinze and Rapp (2014) investigated the impact of low- versus high-stakes tests and

retrieval practice on memory retention. Undergraduate students read biology texts and

were then placed in either a low-stakes condition or a high-stakes condition where a

(monetary) reward was contingent on performance (i.e., the reward is given based on

performance in the high-stakes condition but not contingent on performance in the

low-stakes). Despite similar initial quiz performance, participants in the high-stakes

condition performed worse on the final memory tests a week later compared to those in the

low-stakes condition. This observation led the authors to propose the "retrieval disruption

hypothesis," which suggested that stressful, or high-stakes, tests may disrupt memory

formation following initial retrieval practice. Similarly, Wenzel and Reinhard (2021) found

that learning tests, particularly in comparison to reading tasks, are perceived as more

negative and stressful, with dispositional stress and anxiety amplifying these effects. Their

findings suggested that testing (i.e., retrieval practice) in itself could trigger stress in

participants because it is more challenging than re-reading.

1.3.7 Summary

Stressful experiences, including test anxiety, are known to decrease memory retrieval

(Gagnon et al., 2019a; Vogel & Schwabe, 2016; Wolf, 2017) by shifting the mental context

associated with the learned material (Shields, Sazma, et al., 2017). In contrast, retrieval

practice increases contextual cues during each retrieval attempt (Lehman et al., 2014). As

such, retrieval practice can help equalize the learning and recall environments by creating

strong memories at encoding (A. M. Smith, 2018), thereby overcoming the negative impact

of stress and test anxiety on memory (Mihaylova & Rothen, 2025).

The limited amount of research available in this area suggests that the role of

retrieval practice in mitigating the negative impacts of stress on memory is promising, yet
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mixed. Some studies provide evidence that retrieval practice can strengthen memory

traces, making them more resistant to the detrimental effects of acute stress (Agarwal,

D’Antonio, Roediger, et al., 2014; A. M. Smith et al., 2016). Yet the relationship between

retrieval practice and test anxiety is not always straightforward (Clark et al., 2018; Hinze

& Rapp, 2014). While certain studies found weak relationships between test anxiety and

retrieval practice (Tse & Pu, 2012; Yang et al., 2020), others show that individual

differences do not moderate the benefits of retrieval practice on memory (Bertilsson et al.,

2021). This necessitates further investigation to fully understand the protective

relationship between retrieval practice and stress.
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2. Research Questions

The literature on mobile-assisted learning applications is growing, but systematic

assessments of the specific advantages of mobile applications designed solely for learning

purposes compared to traditional learning methods are lacking (Bano et al., 2018; Sung

et al., 2016; Taj et al., 2016). Additionally, the integration and effectiveness of established

learning strategies, such as retrieval practice, feedback, spacing, and multisensory learning,

within these mobile applications remains underexplored (Reber & Rothen, 2018). Retrieval

practice has demonstrated robust effects on memory (e.g., Rowland, 2014), but research

examining its impact in stressful contexts like test anxiety, where memory may be

impaired, is still limited. The existing evidence for the protective effect of retrieval practice

against stressors is inconclusive (Hinze & Rapp, 2014; A. M. Smith et al., 2016; Szőllősi

et al., 2017; Szpunar et al., 2013; Yang, Shanks, et al., 2023) and further investigation is

needed. The overall aim of this thesis is thus to further explore the benefits of these

learning strategies in mobile learning and then focus on the potential benefits of retrieval

practice in stressful contexts.

2.1 Question 1 (Study 1): What is the effectiveness of mobile applications built solely

for learning purposes, and how do established learning strategies (e.g., retrieval

practice, feedback, spacing, and multisensory learning) contribute to their

effectiveness?

2.2 Question 2 (Study 2): Is there evidence to support a cumulative benefit of

retrieval practice on memory in stressful contexts, and what is the effect size of the

protective benefits of retrieval practice on memory in these settings?

2.3 Question 3 (Study 3): Can retrieval practice protect memory against stressors like

test anxiety?
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3. Study 1: A Meta-analysis on mobile-assisted language learning applications:

Benefits and risks

3.1 Abstract

Mobile language learning applications are a pervasive facet of modern life, however

evidence on their effectiveness on L2 learning outcomes is lacking. In the current work, we

sought to determine the effect of mobile language learning applications on L2 proficiency

between groups who used mobile language learning applications and control groups who

learned with traditional methods on L2 achievement. We systematically searched journal

articles and grey literature between 2007–2019 and performed a quantitative meta-analysis

based on 23 synthesized effect sizes. We also performed risk of bias and quality of evidence

assessments on our included papers. We found a moderate-to-strong overall effect (g =

0.88) of learning achievement using mobile language applications compared to control

groups who learned with traditional approaches. At the same time, we found high risk of

bias and low quality of evidence across all included studies. Our results provide evidence

for mobile applications as a beneficial tool for second language learning. However, findings

should be treated with caution due to risks of high bias and low quality of evidence.

Improvements for future studies are discussed.

3.2 Introduction

The last few decades witnessed an explosion of mobile application use for personal,

professional and educational purposes. Mobile-learning refers to the use of mobile or

portable devices such as smartphones or handhelds for learning (Viberg & Grönlund,

2012). Mobile-assisted language learning (MALL) refers to the use of mobile or portable

devices for second language (L2) learning and encompasses a wide variety software such as

using SMS to send/receive L2 vocabulary words (Kukulska-Hulme & Bull, 2009; Thornton

& Houser, 2005; Viberg & Grönlund, 2012). MALL-application is a subset of MALL that

refers to software on mobile devices specifically developed for the purpose of L2 learning
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(e.g., a mobile application developed specifically for vocabulary learning). Researchers and

educators alike have recognized the potential benefits of MALL on L2 learning (Bano et al.,

2018; Darmi & Albion, 2014; Kukulska-Hulme & Bull, 2009; Viberg & Grönlund, 2012).

However, despite the exponential growth and popularity of MALL, research on the efficacy

of MALL-application for L2 learning is lacking. The primary goal of this work is to

conduct a meta-analysis on the efficacy of exclusively MALL-applications on L2

achievement in comparison to traditional L2 learning approaches used in classroom settings

(e.g., pen-and-paper approaches, textbook learning, taking notes, doing worksheets etc.).

MALL has been rapidly and readily applied in the educational context and is

favored over other types of learning approaches. The various advantages of MALL, such as

immediate access to learning material, portability, and personalization make them

attractive tools for learning and may increase time spent learning (Kukulska-Hulme &

Bull, 2009; Viberg & Grönlund, 2012). For example, research suggests that students

learning a second language actively engage with MALL tools (Yaman et al., 2015) and 70%

of students own a mobile phone and prefer to learn with mobile-learning approaches (Oz,

2014). Qualitative interviews and reports with students and teachers generally reflect

positive experiences with MALL and its perceived effectiveness for language learning,

increased learner satisfaction, increased motivation, increased motivation to learn on one’s

own, and increased confidence (W.-Y. Hwang et al., 2014; Ibrahim et al., 2017; Kondo

et al., 2012; Shadiev et al., 2018).

As the use of MALL in educational contexts increased, so did a market for

MALL-applications, spurring the development of a multitude of MALL-applications

created specifically for L2 learning. For example, mobile applications that support foreign

vocabulary learning, such as mobile flashcards or mobile dictionaries, are now widespread

(Bozdoğan, 2015; Fageeh, 2013; Mahdi, 2018; Rahimi & Miri, 2014; Q. Wu, 2014, 2015). A

variety of MALL-applications have been designed and utilized to facilitate grammar

learning and reading abilities (Ibrahim et al., 2017; Li & Hegelheimer, 2013; Ozer & Kılıç,
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2018; Shadiev et al., 2018; W.-H. Wu et al., 2012), writing skills (G.-J. Hwang & Chang,

2011), as well as pronunciation and listening skills (Cavus & Ibrahim, 2017; Kondo et al.,

2012). MALL-application systems that offer personalized content based on user learning

levels, interest and learning cycles have also been developed (Chen & Chung, 2008; Chen &

Li, 2010; Hsu et al., 2013; Zou & Xie, 2018).

Crucially, most MALL-applications developed by industries are based on established

learning principles from fundamental memory research. For instance, retrieval-based

learning benefits learning over re-studying (Agarwal, D’Antonio, Roediger, et al., 2014;

Roediger III & Butler, 2011; Yang, Shanks, et al., 2023), corrective feedback is more

beneficial for learning than non-corrective feedback (Metcalfe, 2017), spaced learning is

more effective than massed learning (Dempster, 1987; Kapler et al., 2015; McDaniel et al.,

2013; Sobel et al., 2011), and multisensory encoding leads to more robust memory traces

than unisensory encoding (Kast et al., 2011; Shams & Seitz, 2008). While it is possible to

apply these learning principles in traditional learning contexts (e.g., retrieval-based

learning with flashcards), these and other learning principles can be enforced by means of

MALL-application (for a discussion of learning principles in information and

communication technologies, see Reber & Rothen, 2018). Hence, it can be reasonably

assumed that MALL-application learning is more efficient for L2 learning than traditional

learning approaches.

Despite the diverse range of MALL-application utilized for educational purposes,

their specific advantages over traditional approaches on L2 learning has not been

systematically assessed in a meta-analytic approach. No prior meta-analytic work has

focused exclusively on MALL-applications, rather assessing other general-purpose aspects

of MALL (e.g., exercises sent via text messages or social-networking sites rather than only

applications which are built for L2 learning). For instance, Sung et al. (2016) reviewed 44

journal papers and dissertations on MALL over 20 years (1993–2013) and found a medium

overall effect of d = 0.55 in favor of L2 learning approaches with MALL tools in
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comparison to control groups who did not use the applications or used desktop computers.

The authors also investigated the effects of different types of hardware (handheld devices,

laptops, computers) and software (i.e., general purpose software and learning-oriented

software) in their analysis, thus not concentrating solely on MALL-applications. Medium

effects have also been reported in both Taj et al. (2016) and K. Cho et al. (2018) of d =

0.43 and d = 0.51 respectively for MALL on L2 language learning. These findings echo the

results of other meta-analyses where medium effect sizes (d = 0.67) for vocabulary-learning

with MALL compared to traditional-learning control groups were revealed (Mahdi, 2018).

More recently, Chen and colleagues (2020) synthesized 80 experimental studies on MALL

and found a medium-to-strong effect in favor of MALL over traditional-learning control

groups. These studies all included different types of software, hardware and MALL tools

(e.g. texting, gaming, social networking sites) as opposed to only mobile applications built

specifically for L2 learning. Taken together, these data indicate compelling results in favor

of adopting MALL for L2 learning. However, these data also demonstrate that the exclusive

efficacy of MALL-application on L2 learning remains to be systematically investigated.

Additionally, no previous work has considered both risk of bias and quality assessment of

individual studies. These considerations are important to comply with current reporting

standards and transparency for meta-analytic research (Maassen et al., 2020).

Therefore, a systematic literature search and quantitative meta-analysis performed

in accordance with standard reporting guidelines is needed to better elucidate the effect of

specifically MALL-application on L2 learning. The current work is, to our knowledge, the

first meta-analysis to examine the effects of MALL-applications developed specifically for

L2 learning and to assess the risk of bias and overall quality of the individual studies. Such

an analysis is important to understand whether MALL-application can improve L2

language acquisition in comparison to traditional approaches. If this is the case, the

analysis has the potential to further elucidate the most beneficial factors for L2 acquisition.

We conducted a systematic meta-analysis using the Preferred Reporting Items for
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Systematic Reviews and Meta-Analyses (PRISMA: (Page et al., 2021) to assess whether

MALL-application compared to traditional learning approaches are more efficient when it

comes to L2 acquisition. Furthermore, we explored which MALL-application factors are

most beneficial for L2 acquisition.

3.3 Method

This meta-analysis followed the PRISMA (Page et al., 2021) guidelines for

reporting. We ensured our meta-analyses abided by the transparency of data analysis and

rigor of reporting as recommended by the field (for a review see Maassen et al., 2020).

There is no protocol available for the current manuscript. All data and analysis have been

made openly accessible on OSF (https://osf.io/htybd/).

3.3.1 Study Selection and Identification

Systematic Literature Search

A systematic literature search was conducted on the MALL literature. The search

strategy was similar to the method employed in Bano et al. (2018). The systematic

literature search was completed in early-middle 2019 and the last date the reported

databases were checked was December 2020. To retrieve sufficient and comprehensive

literature, this study probed scientific articles published in peer reviewed journals from

2007–2019. We chose 2007 as the start date for our literature search as that was the year in

which the first Apple iPhone was released, markedly changing the mobile and

communication landscape thereon after. The databases used in our search were

Springerlink, Ovid, ISI, Scopus and Learntechlib. The terms used to search the databases

were: [language OR vocabulary OR lingu*] NEAR [learn* OR train* OR acquisition OR

teach* OR lecture OR edu*] AND [mobile OR wireless OR seamless OR ubiquitous OR

electronic OR digital OR smart] NEAR [learn* OR pedagog* OR device OR app* OR

phone] AND [“non native” OR “non-native” OR second* OR foreign] WITH [tongue OR

speech OR language]. The complete list of search strings can be found on OSF

(https://osf.io/htybd/). An additional manual literature search was conducted on reference
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sections of prior meta-analyses and review papers published on MALL.

Grey literature was also probed to ensure we did not miss any relevant papers due

to unpublished results, which could contribute to publication bias. We defined grey

literature to extend to conference papers, dissertations, or other unpublished manuscripts

on the field. The same search terms were used as our initial literature search. We also

followed the same selection criteria as the general literature search, with the exception of

the “published in a peer reviewed journal” criterion. We cross-referenced multiple pre-print

archives on OSF (archives searched: OSF pre-prints, EdArXiv, MetaArXiv, Preprints.org,

PsyArXiv) and unpublished dissertation repositories (Thesis Commons) in the education,

psychology, and social sciences domains. One rater (MM) filtered through the searches for

relevant titles and abstracts. In addition, we reached out to corresponding authors of

included articles from our general literature search which met our inclusion criteria to

inquire if they had any unpublished papers, null findings or any work in prep related to the

topic. Authors were contacted by email and given 10 business days to respond to our

request. They were informed that no answer by the end of the 10 business days meant a

negative response from their part.

3.2.2 Eligibility Criteria

In this meta-analysis, we were solely interested in MALL-application studies where

a control group learned with traditional pen and paper methods and an experimental

group utilized a mobile language learning application or mobile learning system only to

learn a foreign language. This is critical to ensure we observe the difference in learning

outcome between MALL-application use versus traditional classroom learning. Our second

primary inclusion criterion pertains to the use of a mobile application or a mobile language

learning system which served the exclusive purpose of L2 learning. By contrast, we did not

consider studies on other mobile tools, which can be used for exercises around second

language learning, but whose original purpose is entirely different (e.g., SMS, gaming,

video recoding, electronic notepads). Other inclusion criteria included:
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Article is published in a peer-reviewed journal

Article language is English

Article is empirical, experimental or quasi-experimental

Contains enough statistical information (means, standard deviations, and sample

sizes of pre/post tests for experimental and control groups) to obtain an effect size

L2 achievement is assessed as the main dependent variable in a post-test

Study Screening

A research assistant (EB) screened the database created from our initial literature

search for relevant titles and abstracts. Relevant titles were coded with a “1” or a “2” and

irrelevant papers with a “0.” These titles were coded by three independent raters (EB, TR,

NR) during the initial literature review stages. The abstracts and methods sections of

papers coded with a “1” or “2” during screening were further read over and examined by

MM. As a secondary step, key words (“mobile assisted language learning,” “effects of

mobile language learning,” “language learning” and “vocabulary learning,” “personalized,”

“learning system”) were applied on the database to ensure no relevant titles were missed.

Data Extraction and Bias Risk Assessment

Predetermined information (school level, learning focus, application name and type,

duration of intervention, learning principle used, country of study origin) was extracted

from each study and coded by three independent raters (MM, TR, NR). Risk of bias of

individual studies included in our meta-analysis was assessed with Cochrane Risk of Bias 2

tool (Higgins et al., 2020; Sterne et al., 2019). Risk of bias is assessed across the following

domains: the randomization process, deviations from intended interventions, missing

outcome data, measurement of outcome, selection of the reported results. Judgments

regarding the risk of bias for each domain are based on answers to signaling questions,

which are rated on the basis of “yes,” “probably yes,” “no,” “probably no,” or “no
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information.” The resulting judgments of “low,” “some concerns,” or “high” risk of bias are

outputted by the risk of bias algorithm in the tool. Two raters (MM and SG) served as

independent raters for the risk of bias assessments.

3.3.2 Analyses

Statistical analyses were performed in R version 4.1.3 (R Core Team, 2020) using

the packages designed for meta-analysis: ‘meta’ (Balduzzi et al., 2019, v5.2-0), ‘metafor’

(Viechtbauer, 2010, v3.0-2), ‘esc’ (Lüdecke, 2019, v0.5.1) and ‘dmetar’ (Harrer et al., 2019,

v0.0.9000). To perform the meta-analysis, we followed the handbook guide by Harrer,

Cuijpers, Furukawa, and Ebert (2021) titled “Doing Meta-Analysis with R: A Hands-on

Guide.” All corresponding data and analysis, including raw data used to calculate effect

sizes and analysis scripts, are available on OSF.

Effect Size Calculation

Effect sizes were computed to represent the impact of MALL-application

interventions on language learning for experimental groups who used the L2 mobile

application or learning system versus control groups who used traditional pen-paper,

classroom approaches. Effect sizes were all calculated in Hedges’ g (Hedges, 1981) using

the R package ‘esc’ (Lüdecke, 2019). Studies containing more than one experimental group

representing the same intervention category for the purposes of the review were pooled to

create an overall intervention group and compared against the control to prevent

unit-of-analysis error (J. P. Higgins et al., 2019). Papers containing several outcomes for

experimental and control groups, an effect size was calculated separately for each outcome,

then averaged to obtain one overall effect size for that article. Effect sizes were interpreted

based on the Cohen standard specifications (small = 0.2 and above, medium = 0.5 and

above, large = 0.8 and above, Borenstein et al., 2009).

In case of missing or unclear information in the articles, we reached out to authors

to obtain the required information. Authors were contacted by the e-mail address indicated

as the corresponding author in the original paper. All authors contacted for additional
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information replied with the requested details.

Small Study Effects and Publication Bias

Publication bias was assessed with different approaches. The first two encompass

what is known as small study effects (SSE), which is the notion that small studies with

large standard errors are most likely to generate non-significant findings because only very

large effects in small studies would become significant and hence lead to publication bias

(Harrer et al., 2021). As such, these approaches are referred to as “Small Study Effects”

rather than publication bias (Schwarzer et al., 2015).

To assess SSEs, we first conducted Egger’s Test of the Intercept (Egger et al., 1997)

which assesses the relationship between effect sizes and their corresponding standard

errors. This relationship is illustrated with a funnel plot, and Egger’s Regression calculates

whether asymmetry exists in funnel plot that could be due to publication bias. Because

Egger’s Test is conducted on the effect sizes (i.e., standardized mean differences, SMDs),

and the SMDs and standard error of included studies are independent, this process has

been suggested to result in the inflation of false-positive results (Pustejovsky & Rodgers,

2019). To correct for this possibility, we conducted the Pustejovsky-Rodgers (2019). This

approach uses a modified equation of the standard error when testing for funnel plot

asymmetry which does not include the SMD itself, avoiding artificial correlation between

the SMD and its standard error (Harrer et al., 2021).

To detect publication bias, we used three different quantitative methods

recommended from the literature (Harrer et al., 2021). First, Duval and Tweedy’s

trim-and-fill procedure “trims” effect sizes with large standard errors from the funnel plot

and “fills in” missing studies to maintain funnel plot symmetry (Duval & Tweedie, 2000).

Second, we applied the PET-PEESE method (Stanley & Doucouliagos, 2014). In the PET

method, the effect of small studies is controlled for by including the standard error as a

predictor in a weighted regression model where the study’s effect size is regressed on its

standard error (Harrer et al., 2021). Similarly, the PEESE method uses the squared



35

standard error as a predictor. If the regression intercept calculated by PET is significantly

larger than zero, the PEESE is used as the true effect estimate. If the PET intercept is not

significantly larger than zero, the PET is used as the true effect estimate (Harrer et al.,

2021). Lastly, we applied a selection model, which predicts how likely it is that a study is

published (i.e., “selected”) based on its results (i.e., its p-value) (McShane et al., 2016). We

applied a three-parameter selection model, which is recommended if the number of studies

is around 20 (Harrer et al., 2021). This model uses three parameters to assess publication

bias: the effect size parameter, the heterogeneity parameter (τ 2) and the likelihood of

selection. The model then “removes” the assumed bias due to selected publication and

derives a corrected estimate of the true effect (Harrer et al, 2021).

Model Specification and Heterogeneity

We adopted a random-effects model approach to obtain an overall effect size

measure based on the pooled weighted estimates from all the individual papers (Borenstein

et al., 2009). The random-effects model assumes that the effects of individual studies

deviate from the true intervention effect due to sampling variability and study variation

because studies do not stem from the same population (Harrer et al., 2021). We used

Knapp-Hartung adjustments (Knapp & Hartung, 2003) to calculate the confidence interval

around the effect size, which is recommended to reduce false positives in case of a small

number of studies (Harrer et al., 2021).

The random-effects model gives a measure of between-study heterogeneity, which is

the extent to which effect sizes vary in a meta-analysis. Assessing heterogeneity is critical

in a meta-analysis because there could be subgroups present in the data with a different

true effect, or that there is no “real” effect behind the data meaning the studies included

have nothing in common (Harrer et al., 2021). Under the random-effects model,

heterogeneity is indicated by the Q, I2, τ 2 statistics. The Q statistic is the weighted sum of

squared differences between individual effect size and the overall pooled effect across all

studies and represents heterogeneity; I2 is the percentage of variation in the effects that is
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not due to sampling error, or the degree of inconsistency in the meta-analysis; and τ 2 is the

between-study variance in the meta-analysis and was calculated using the restricted

maximum likelihood estimator (Viechtbauer, 2010) recommended by the field (Harrer et

al., 2021). Typically, an I2 of 25% signals low heterogeneity, 50% signals medium, and 75%

indicates substantial heterogeneity (Harrer et al., 2021), which is the rule of thumb we will

adopt in the current analysis. The Q statistic is sensitive to both precision (the sample size

of the study) and number of studies (k), I2 is not sensitive to k but to precision, and τ 2 is

not sensitive to either. Due to the limitations of each of these measures, it is not generally

recommended to rely on just one but rather consider all. The prediction interval (PI) is

defined as the range for which we can expect future studies to fall (Harrer et al., 2021) such

that if the PI is positive in favor of the intervention, we can expect future studies would

reflect this benefit in their effects. The PI is the recommended way to overcome the

limitations with the heterogeneity statistics described above since it considers the

between-study variance (Harrer et al., 2021). As such, we will use the PI as a proxy for the

results we can expect for future MALL interventions.

Outlier Analysis

To assess the robustness of our results, we conducted sensitivity analysis by

investigating whether certain studies could be over-contributing to heterogeneity and

therefore distorting our overall effect size. We tested for outliers using influential analysis

in R (Harrer et al., 2021). Significant outliers are detected based on their respective

weights on the pooled overall results and their contribution to the overall heterogeneity.

The pooled overall effect was then recalculated with these outliers and influential cases

removed and a corrected effect size is reported. These analyses were implemented using the

‘dmetar’ package in R (Harrer et al., 2019).

Subgroup Analysis

We planned to look at subgroup effects by comparing the effects for 1) vocabulary

and other types of language learning skills; 2) school level of participants (elementary,
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middle school, secondary school, university); 3) duration of intervention; 4) whether a

pre-existing MALL-application or a language learning mobile application created by

authors or researchers was used in the intervention; 4) learning principles. Assessments for

subgroup inclusion were based on inclusion criteria (see Supplementary Materials, Table 3)

which each rater was equipped with during the rating sessions. If the necessary information

for subgroup classification could not be located in the respective article during rater

deliberation sessions, the paper was excluded from classification and removed from further

subgroup analysis. In case of disagreement, the three raters went through several rounds of

deliberations to discuss differences in classifications until consensus was reached.

Inter-rater reliability was assessed with Fleiss’ Kappa scores before rater deliberation (see

Supplementary Materials, Table 4). This deliberation process was identical for the learning

principles exploratory analysis. Because some articles contained a mix of language learning

skills such as listening and vocabulary (N = 1) or grammar, writing and reading (N = 1),

these were combined into one category to denote mixed language learning skills. Subgroup

analysis was performed by calculating the random-effects model to test for between

subgroup differences using the ‘dmetar’ package in R (Harrer et al., 2019).

Learning Principles: Exploratory Analysis

We were interested to examine whether learning principles could be used to better

understand, and potentially predict, the effectiveness of learning using mobile applications.

We classified the intervention of each article based on whether learning principles were

employed in the MALL-application. The learning principles included feedback, retrieval,

distributed learning, and multisensory learning, all of which have been identified by

memory research to be beneficial for learning (Reber & Rothen, 2018; Weinstein et al.,

2018).

The same three raters (MM, TR, NR) rated each paper across the four principles

based on inclusion criteria (see Supplementary Materials, Table 3). Effect sizes were

computed for each learning principle by pooling all papers which were coded as having
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included a particular learning principle and compared with the studies that did not include

the learning principle in question.

3.3.3 Quality of Evidence

Quality of evidence was assessed in this meta-analysis with the Grading

Recommendations Assessment, Development and Evaluation (GRADE; Guyatt et al.,

2008) using the GRADEpro Guideline Development Tool available online

(gdt.gradepro.org). Quality of evidence is assessed across five domains: risk of bias,

inconsistency of trial results, indirectness of measure, imprecision of effect size estimate,

and possible publication bias. Judgments across the domains are rated as “not serious,”

“serious,” and “very serious” based on the likelihood of studies to be upgraded or

downgraded for quality on each criterion.

3.4 Results

3.4.1 Systematic Literature Search

Figure 6 depicts the PRISMA flowchart of the literature review and screening

process. We located a total of 4,803 research articles. After deletion of doubles, 4,303

articles remained, establishing our initial literature database for screening. Following

article screening and abstract and method check, we were left with 18 papers that fit all

inclusion parameters. Two additional papers had already been identified through references

check were integrated for a total of 20 articles that fit all inclusion criteria. Articles which

initially fit our inclusion criteria were excluded upon further inspection due to either

utilizing other features of MALL (i.e., movie-maker or notepads) instead of

MALL-application specific for L2 learning (Khodabandeh, Soleimani, et al., 2017; Lin &

Lin, 2019) or due to lack of control group (Chen & Chung, 2008; Chen & Hsu, 2008; Li &

Hegelheimer, 2013; Zou & Zie, 2018).

Probing the grey literature search yielded 4,600 unpublished studies from pre-print

archive servers. Twenty-five titles were identified as potentially relevant, however after

more thorough examination of the methods section, no papers met our inclusion criteria for
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grey literature. We additionally scanned our initial literature search database (4,303 titles)

and references checks for any relevant unpublished articles or conference papers. This

yielded three results. The unpublished conference papers were integrated in our overall

batch for a total of 23 articles for quantitative analysis. A total of 9 authors out of the 25

contacted responded to our inquiry regarding unpublished work or null findings, however

all the respondents confirmed they did not have any such data to share. Thus, our total

articles for inclusion were 23.
Figure 6
Flow chart of the literature search process

Note. Flow chart depicts the literature search process in this meta-analysis.

3.4.2 Characteristics of Included Studies

Descriptive information for all studies included in this meta-analysis for statistical

analysis is presented in Table 1. All included studies are preceded by a code beginning

with letter ‘A’ and will be referred to with this code for the rest of the work. A total of 23

articles total were identified for quantitative synthesis, with a sample size of 963

participants in the experimental group and 910 participants in the control group (total N

= 1,873). Of these 23 articles, 20 were published in scientific journals and three were
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retrieved from conference papers (i.e., grey literature).

Over half (65%, N = 15) of included papers were conducted in Asia, with Taiwan

(N = 8) and China (N = 4) being the most common areas, followed by Malaysia (N = 1)

and Japan (N = 1). The second most common geographic area was the Middle East (26%)

comprising of Turkey (N = 4), Iran (N = 1), and Saudi Arabia (N = 1). Finally, Western

countries contributed to only 8% of included studies with one from the USA (A2) and only

one from Europe (Netherlands, A3). The target language to be learned was English in

nearly all papers, with one paper learning Spanish (A4) and two Chinese Mandarin (A1,

A7). All studies were published after 2010.

The majority of papers (70%, N = 16) were conducted on university aged students.

The remaining 30% of included studies were conducted on younger children at the

elementary school level (until 6th grade; N = 3) and middle school aged children (6–9th; N

= 2), and high school (13–14+ years, N = 2). In one instance (A14), there was unclear

information for participant ages. The MALL-application intervention durations varied

greatly – with the shortest intervention comprising of 1 day (A5) and the longest duration

was 4 months (A21). The most frequent interventions were between 2–6 weeks (N = 7)

and an entire semester (N = 7).

Mobile language learning applications were used in 18 studies, while the rest (N =

5) employed a mobile language learning system approach which also ran as a mobile

application. A considerable amount (43%, N = 10) of all applications used were created or

designed by the authors and the other 13 papers featured already pre-existing mobile

applications (57%). Roughly half of papers (47%, N = 11) targeted vocabulary learning,

while the second major learning focus was reading (13%, N = 3). Grammar, listening

comprehension, and writing followed, with each focus being about 4% each. The remaining

studies featured a combination of language learning aspects such as communication (N =

1); vocabulary, pronunciation, listening, comprehension (N = 1); vocabulary and grammar

(N = 1); listening and reading (N = 1); reading and vocabulary (N = 1); and grammar,
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writing and reading (N = 1).

All studies featured a between-subject experimental or quasi-experimental design.

Only 5 studies (22%) explicitly stipulated that participants were randomized in

experimental and control groups. The remaining 78% of studies (N = 18) reported

convenience or purposeful sampling (N = 4), or unclear sampling and randomization

methods (N = 14). In these studies, participants were frequently allocated to the

experimental or control group based on what classroom they were in, whether their mobile

phone was compatible with the MALL-application to be utilized in the study, and whether

they wanted to use a mobile device or work with traditional approaches.

All studies featured a pre-test and post-test design. Vast differences in L2

measurements were seen across all studies, with each paper utilizing a different language

test to measure performance (i.e., no article utilized the same language learning

measurement tool). The measurement scales were either instructor-created or an academic

test.

Out of the 23 included papers, only three (13%) reported follow up results to assess

language learning after the primary intervention had taken place. In Kiliçkaya and Krajka

(2010), a follow-up post-test measure was conducted three months after the main

intervention to assess performance between the experimental and control group once more.

Lee (2014) reported delayed post-test results for experimental and control groups taken one

week after the intervention. Lastly, Kondo and colleagues (2012) conducted a second

experiment where 15 out of the 42 original participants from the experimental group in

their first study assessing the MALL-application intervention were recruited to determine

whether students continued using the mobile application. This second experiment did not

contain a control group so we did not compute an effect size for it.

3.4.3 Risk of Bias

Risk of Bias was assessed with the Cochrane RoB 2 tool (Higgins et al., 2020;

Sterne et al., 2019; see Figure 7). The total risk of bias was “high” across all studies
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overall. No study featured true random allocation (i.e., random number generator or table)

of participants into experimental or control groups, opting for convenience sampling, no

information, or merely stating that randomization occurred. The majority of papers

(91.3%) posed as “some concerns” for deviations from intended intervention, due to all

participants who were recruited for the intervention or control groups be analysed as such

(i.e., no participant switched groups during the intervention) and due to researchers being

aware of what intervention was administered to which group of students (i.e., not blinded).

Most papers (73.9%) did not include enough information on missing outcome data. If

missing outcome data was reported, there was usually poor justification for why it was

removed, and no sensitivity analyses were done on the data to test how the removed data

points impacted overall results. In terms of measurement of the outcome, over half (56.5%)

of articles did not describe what the language measurements entailed during the post test,

mentioning only that a post-test was carried out. Overall, there was little rationale

explaining how or why the chosen pre- or post-test questions were chosen to measure the

particular language learning facet that they were measuring, nor was there any reliability

measures done on these tests in most cases. However, the measurement of the outcome was

comparable across both experimental and control groups at all time points measured (i.e.,

all participants received a pre- and post-test at the same time). No study referred to a

study protocol established prior to the intervention, although several (N = 3) stipulated an

analysis plan prior to presentation of experimental results. Two (MM and SG) completed

RoB ratings independently and then discussed discrepancies until a consensus was reached.
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Figure 7
Risk of bias across studies

Note. Summary table of the risk of bias in all included studies overall and across each of the five

domains: overall bias (high risk), selection of the reported result (some concerns), measurement of

the outcome (a mix of low bias and some concerns, but mostly high risk), missing outcome data

(predominantly low risk), deviations from intended interventions (largely some concerns),

randomization process (mostly high risk). The bias domain is seen on the y-axis, and the score

out of 100 is illustrated on the x-axis.

3.4.4 Meta-Analytic Results

Publication Bias

Publication bias was assessed in this meta-analysis with several methods. We first

report the results of the SSE tests. Egger’s test indicates no significant asymmetry present

(p = 0.58), suggesting no significant publication bias is present in the current sample

(Figure 8). Additionally, the Pustejovsky-Rodgers (2019) correction revealed no funnel plot

asymmetry (p = 0.23), mirroring the results of Egger’s Test. Taken together, these

measures suggest no funnel plot asymmetry present in our analysis and thus no publication

bias due to small study effects.
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Figure 8
Funnel plot of all studies

Note. Figure shows funnel plot of studies included in meta-analysis. The x-axis is the effect size

and the y-axis is the standard error. The dots represent individual studies. If publication bias

exists, dots would typically cluster asymmetrically, with missing small studies showing negative or

non-significant results, which is not seen here.

Additional measures of publication bias we conducted were the trim-fill procedure

(Duval & Tweedy, 2000), the PET-PEESE approach (Stanley & Doucouliagos, 2014) and

the three-parameter selection model (McShane, 2016). Results of the trim-fill procedure

showed that the estimated number of missing effects was zero with zero additional studies

being “filled” in, suggesting little risk for publication bias. Because the PET regression

intercept was not significantly greater than zero (g = –0.036, p = 0.96), this suggests little

publication bias. The results of the three-step parameter selection model results revealed

no significant evidence of publication bias (LRT = 0.0015, p = 0.97). Moreover, the true
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effect size estimate of g = 1.07 (95%CI : 0.50, 1.65), which is nearly identical to our overall

pooled estimate under the random-effects model (g = 1.08). This indicates our

meta-analysis was not biased by a lower selection probability of non-significant results.

Overall Effects for MALL-application interventions

The summary of our findings is shown in Table 2. A total of 23 effect sizes were

computed in this meta-analysis and pooled under the random-effects model with

Knapp-Hartung adjustment (2003) to obtain the overall effect of MALL-application on L2

learning achievement (Borenstein et al., 2009) between experimental groups who utilized

the MALL-application and control groups which used traditional pen-paper approaches.

Overall, there is a large effect of g = 1.08 (95% CI: 0.66, 1.51, Figure 9) under the random

effects model suggesting that MALL-application use facilitates L2 learning in the treatment

group who used the application in question compared to the control group who learned via

traditional approaches. The Q statistic was significant and suggests the overall sample is

highly heterogenous (Q = 106.10, p < 0.001, df = 22). This further supported by the I2

statistic of 79%, suggesting a 79% chance of results being due to heterogeneity rather than

chance. A medium-to-large τ 2 of 0.67 indicates medium-to-high between-study variance.

As each measure of heterogeneity is limited due to sensitivity to statistical power and

precision, we additionally consider the prediction interval for a more robust estimate

(Harrer et al., 2021). The prediction interval (95%PI : −0.67, 2.84) falls slightly below

zero, meaning we cannot be entirely certain that the strong positive effect we observe is

robust in every sense.
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Figure 9
Forest plot of all studies and overall effects

Note. Forest plot of all studies included in the meta-analysis. Individual effect sizes of all studies

included in this meta-analysis with their respective weight in the analysis and confidence intervals

represented by the triangles. Larger triangles indicate more weight in the random effects model.

Red triangles denote the outliers identified in the analysis. The x-axis represents the standardized

mean difference effect size (Hedges’ g) and the y-axis is each individual study with its 95%

confidence interval. The overall effect sizes are represented by the red and blue circles at the

bottom. The 95% PI denotes the 95% prediction intervals for the overall effect of all studies (blue)

and for the overall effect with outliers removed (red), indexed by the thick red and blue lines.
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Outlier Analysis

To further investigate the contributions to significant heterogeneity (Q = 106.10, p

< 0.001, I2 = 79%) in our sample, we ran outlier and influence analysis to detect and

eliminate potential outliers in our sample that could be contributing to the between-study

variance. A total of four influential cases (A2, A7, A13, A20; see Supplementary, Figure

10) were detected out of our total 23 studies.

A new overall effect size is recalculated with the weights of the four identified

outliers set to zero in the random-effects model. The new overall effect size now stands at

lower, but still strong g = 0.88 (95% CI: 0.62–1.14, 95% PI: 0.22, 1.53; see Figure 9). The

Q statistic is still significant (Q = 32.72, df = 18, p = 0.02), however markedly reduced

indicating a substantial reduction in heterogeneity. Further, I2 (45%) suggests a low to

medium chance of the results being due to heterogeneity rather than chance and a minimal

τ 2 (0.083) suggests virtually non-existent between-study variance. The greatly reduced τ 2

value after outlier removal additionally suggests that a great deal of the heterogeneity was

caused by outliers. The positive prediction interval (95%PI : 0.22, 1.53) suggests that we

can be relatively confident that future studies would find a similar effect (Harrer et al.,

2021), a confidence we did not observe with the prediction interval of the initial model

(g = 1.08, 95%PI : ˘0.67, 2.84). Overall, results with outliers removed suggest a decreased,

yet still moderate-to-strong, effect size with low heterogeneity and a positive prediction

interval.

Subgroup Analysis

We conducted subgroup analysis for school level of learners (elementary school,

middle school, secondary or high school, university) learning focus (vocabulary, reading,

writing, grammar, or a mix of language learning skills), duration of reported intervention,

type of application used (pre-existing or developed by authors) and learning principles.

Analyses were conducted with the four outliers removed. Medium-to-strong effects were

seen across all subgroups, indicating a beneficial impact of MALL-application across the
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board (see Table 2 for summary of findings). No significant differences were observed

between any subgroups. Inter-rater reliability scores for all subgroups were above 0.70,

indicating good inter-rater agreement (see Supplementary, Table 4).

Follow-up Effects

Follow-up measurements between experimental and control groups were conducted

in only two studies. In Kilickaya & Krajka (2010), the effect size for the follow-up post-test

conducted 3 months after the intervention was g = 0.20 (95% CI: –1.07, 1.48), indicating a

small effect of continued learning. Lee (2014) also reported a delayed post-test one week

after the MALL-application intervention characterized by a small effect size (g = 0.13; 95%

CI: –0.75, 1.00). Overall, these results show a weak effect of MALL-application versus

control group at the delayed post-test, suggesting some sustained effects of

MALL-application benefit after a delay, although there is not enough evidence currently to

say for certain.

Exploratory Analysis: Learning Principles

We explored whether MALL-applications contained elements of learning principles

(retrieval practice, feedback, distributed learning, multisensory learning) in the way they

controlled learning content. Overall, all applications or learning system included some type

of learning principles. Distributed learning was found present in every paper and was thus

excluded from further statistical analysis. Strong effect sizes were also observed for all

learning principles (see summary of findings, Table 2). The second most common learning

principle was multimodal learning (g = 0.87, N = 14), followed by retrieval practice

(g = 0.95, N = 12), and feedback (g = 0.89, N = 9). No significant differences between

were observed between using a learning principle versus no principles used. Combinations

of learning principles in one article were not investigated due low number of articles.

3.4.5 Quality of Evidence

To ascertain the quality of evidence in our included studies, we performed GRADE

assessments across the domains of our subgroups: school level, learning focus, intervention
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duration, learning app type (available on OSF). Outcomes were assessed across the five

GRADE domains: risk of bias, inconsistency, indirectness of evidence and imprecision. The

overall quality of evidence was poor, with “low” and “very low” being the most frequent

GRADE assessment awarded for each outcome. The primary reasons for low certainty

assessments were: a) high risk of bias across papers, b) high degree of inconsistency of

results as indicated by I2 estimates of over 40% in some cases) relatively imprecise

measures as indicated by wide confidence intervals around each effect size for each

subgroup. Indirectness of evidence was sometimes judged as “not serious” due to

measurements being directly related to the outcome of interest (i.e., target word exams as

a direct measure of vocabulary learning). Inconsistency was judged as “not serious” in

some cases, as indexed by low I2 values in some subgroups. Taken together, this analysis

suggests that future studies might impact the overall effects and their confidence intervals

found in the different outcomes assessed observed in the current work.

3.5 Discussion

This meta-analysis examined the effects of utilizing MALL-application in

experimental groups over control groups who used traditional pen-paper classroom

methods on L2 learning achievement. Our analysis revealed a strong overall effect in favor

of MALL-application (g = 1.08, N = 23) over traditional-approach control groups on L2

learning. After outlier exclusion, we observed a moderate-to-strong effect

(g = 0.88, N = 19). Publication bias was not detected in our sample. Subgroup analysis

revealed moderate-to-strong effects across all moderator variables. In terms of overall

effects sizes, our results seem to offer positive effectiveness for MALL-applications on L2

acquisition, however these results should be approached with caution as our results also

revealed high risk of bias and overall low quality of evidence across all articles and

outcomes in the meta-analysis.

Nearly all articles in our meta-analysis revealed positive effect sizes in favor of

MALL-application in comparison to traditional approaches. These findings echo results
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from previous meta-analyses that report positive medium-sized effects for L2 learning using

MALL more generally (Chen et al., 2020; Cho et al., 2018; Mahdi, 2018; Sung et al., 2015,

2016; Taj et al., 2016). That is, the current finding extends beyond prior literature because

it elucidates that MALL-application specifically provides a benefit over traditional learning

approaches, as opposed to general MALL technology on learning previously conducted.

Moreover, the observed moderate-to-strong in comparison to previously found moderate

effects suggests that MALL-application might be slightly more beneficial than the more

general MALL approach.

Both SSE and publication bias measures detected little to no publication bias in the

current sample. This finding corroborates previous literature as far as SSE are concerned

(e.g., Cho et al., 2018). However, our analysis went a step further by analyzing publication

bias with multiple approaches not included in prior reviews on the MALL topic. It is

important to note that the results of the SSE and publication bias approaches described in

section 3.2.1 are with their limitations and weaknesses. For example, the PET-PEESE is

prone to over-adjusting effects and leading to underestimation of the true effect size

(Carter et al., 2019) and the trim-fill method is known to under-correct for publication bias

(Harrer et al., 2021). Additionally, both the trim-fill and PET-PEESE methods are not

robust when the heterogeneity is high, as is the case here. The three-parameter selection

mode has been found to be more reliable than other methods (McShane et al., 2016),

however it can be difficult to interpret (Harrer et al., 2021). Moreover, it is important to

note that publication bias can be caused by a multitude of other factors, such as

between-study heterogeneity and high risk of bias within studies (Harrer et al., 2021).

Thus, although we found no quantifiable publication bias, the high risk of bias (see section

3.1.2) may be an alternate explanation for potential publication bias.

Only 23 studies fulfilled the inclusion criteria of our meta-analysis on

MALL-application, which is surprising given the popularity of mobile devices and learning

applications used today. One explanation for this low sample size is that a plethora of
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MALL-applications exist and continue to be utilized in educational contexts or for

individual L2 learning, but remain experimentally unvalidated for learning outcomes. That

is, students and teachers may be using various MALL-applications without awareness as to

their actual effects on learning. This resounds Burston’s (2015) review, where it was found

that over 40% of all articles published on MALL are unrelated to MALL-applications more

specifically and an overwhelming majority of articles lack quantifiable learning outcomes.

Given our finding that MALL-application might be more effective than general MALL on

L2 learning, these findings thus highlight the importance of using MALL applications that

are both specifically designed for learning and have been experimentally validated for

learning outcomes. Translating this to practical terms, it is advisable for educators and

students to be sparing in terms of the applications they utilize in the classroom and limit

their use to only validated MALL-applications. At the same time, pre-existing or newly

developed MALL and MALL-applications should be experimentally validated to ensure

quantifiable learning outcomes prior to use in classrooms or on the market for individual

use.

It has long been deemed necessary to integrate learning principles from fundamental

memory research within mobile learning tools to enhance learning (Parsons & Ryu, 2006;

Reber & Rothen, 2018; Zydney & Warner, 2016). We attempted to address this need by

exploring whether the four learning principles of retrieval practice, feedback, distributed

learning, and multimodal learning are utilized in MALL-application to boost L2 learning.

Our analysis revealed that all MALL-applications used in all included articles featured

distributed learning and included one or more learning principles. However, due to the

small number of studies in the different subgroups, we were not able to identify differential

effects. Critically, none of the learning principles were directly manipulated by authors in

the studies. It will thus be an interesting endeavor for future studies to incorporate and

manipulate learning principles to directly assess the relative contribution of each principle

on learning and their interactions on L2 learning with a MALL-application. Such studies
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would be interesting in their own rights for the field of memory research more generally

because our current knowledge on the interaction of different learning principles is

extremely limited (Belardi et al., 2021; Weinstein et al., 2018). Given how easy it is to

collect large amounts of data across extended time periods with MALL-application, such

studies therefore offer a unique opportunity to advance current knowledge in the field of

basic memory research beyond mere L2 learning.

Only three studies in our included batch administered a delayed post-test following

the intervention, with follow-up effects. This finding suggests some sustained positive

benefit on L2 learning with MALL-application over the long-term, however given the small

number of studies it is premature to draw conclusion on potential long-term benefit.

Elucidating the long-term value of MALL-application beyond the intervention period

requires a data-driven approach as some students might continue to use the

MALL-application beyond the experimental intervention period (Kondo et al., 2012;

Sandberg et al., 2011). In addition, because most studies investigated only short

intervention periods, it might be the case that the effects of MALL-application

interventions diminish over the time (Sung et al., 2016).

Besides the overall finding that MALL-application is likely to be beneficial for L2

learning achievement, we also identified several potential risks. Due to the applied nature

of the research, most studies lacked proper randomization procedures in assigning

participants to experimental and control groups (i.e., risk of bias). Additionally, articles

lacked transparency when it came to how outcome variables were assessed. It is thus

recommended for future articles on MALL-application interventions to provide scoring or

coding schemes for how post-test questions were graded, as well as justification for why

certain target words were chosen as the target words to assess learning following the

MALL-application intervention. Recommendations to follow best practice guidelines when

it comes to addressing missing outcome data, clearly explaining statistical analyses, and

considering a priori power analyses are also encouraged in order to improve methodological
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rigor and increase the replicability and reproducibility of the benefits of MALL-application

on learning.

3.6 Conclusion and Future Directions

This meta-analysis identified 23 studies which systematically assessed L2 learning

achievement outcomes by means of a MALL-application intervention in comparison to a

traditional pen-paper learning control group. Based on these studies, we found a

moderate-to-strong benefit of g = 0.88 of using MALL-application on L2 learning

achievement over traditional classroom approaches. This suggests that MALL-applications

themselves are an effective way to boost L2 learning, and such experimentally validated

MALL-applications should be considered for L2 learning. All included studies showed

evidence of implementing learning principles in their MALL-applications, however none

manipulated or compared these principles directly and the overall sample size of the

included papers is small. Therefore, it is hard to determine their individual contribution to

learning. Future studies should examine which pedagogical learning principles are most

conducive for L2 achievement in a MALL-application setting. The beneficial effects of

MALL-application on learning are not, however, without risks. Limitations revealed in the

current work were mainly related to short intervention durations, missing follow-up

measurements after the actual intervention, lack of randomization, and unclear

measurement of the outcome variable. Such risks should motivate future research to utilize

best research practices in order to produce replicable and valid effects. Taken together,

MALL-application appear to be beneficial for L2 learning achievement, however the low

number of studies in combination with the observed risks and limitations and the missing

manipulation of learning principles require further research efforts to determine the impact

of MALL-application in educational contexts and memory.
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Table 1
Characteristics of included studies



56

Table 2
Summary of meta-analytic findings

Note. “*” = p < 0.01, “**” = p < 0.001, “***” = p < 0.0001. Q-between-groups denotes the Q

statistic for between-groups comparison, NA denotes unavailable values due to small number of

studies.
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3.7 Supplementary
Figure 10
Outliers detected in meta-analysis

Note. Results of outlier analysis showing articles A2, A7, A13, and A20 as strong contributors to

heterogeneity (x-axis) and influencing the overall pooled result (y-axis). The majority of the

studies are clustered in the lower left corner, indicating lower heterogeneity contribution.



58

Criteria Definitions for Subgroup Analysis

School level: To be included in this subgroup, the paper should explicitly state

that the age and school level of the participants. If only “university students” is mentioned,

then classify into university level. If only ages are mentioned but no school level, we

designated 18 years as the cut-off age for inclusion in university learners group; younger

ages in the young learners group. Younger learners were further divided into secondary or

high school (grades 9-12), middle school (grades 6-9) and primary school (grades 1-5).

Learning focus: Depends on the focus of the task performed with the application

in the paper. If the focus was word learning such as with flashcards or mobile dictionary, it

is primarily vocabulary unless otherwise mentioned in the paper. If performed a variety of

learning topics, such as grammar, writing, reading, classify into other which includes

multiple learning areas.

Type of app: Unless otherwise stated in the paper (such as when authors state

they have created or developed the application or learning system used in that study), safe

to assume the application exists already.

Duration of intervention: Classify based on what explicitly mentioned in article

regarding how long participants used the app to learn before the post-test. If exact weeks

not specified and only a semester is specified, assume 15 weeks per semester. If participants

could use the device in their free time in addition to intervention, classify based on

controlled intervention portion of study only for which duration info available.

Learning principles: Inclusion/exclusion criteria listed in Table 3. Efforts should

be made to stick to what is explicitly described in the paper.
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Table 3
Classification criteria for learning principles

Note. The inclusion criteria raters followed when rating each article for learning principles.
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Table 4
Inter-rater reliability scores

Note. Fleiss Kappa values before rater deliberation. RP = retrieval practice, FB = feedback, MM

= multimodal.
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4. Study 2: Does retrieval practice protect memory against stress?

4.1 Abstract

Stressors like test anxiety are known to decrease memory retrieval, whereas retrieval

practice is the phenomenon that actively recalling information from memory enhances

memory. Evidence suggests retrieval practice can protect memory against the negative

effects of stress on memory (A. M. Smith & Thomas, 2018a; A. M. Smith et al., 2016),

however the findings are mixed (e.g., Yang et al., 2020). Evaluating the effectiveness of

retrieval practice in maintaining memory performance under stress could transform

memory resilience and lead to new cognitive interventions. This raises the need for a

meta-analytic summary of the literature to understand the effects of retrieval practice on

memory in relation to stressors. In this registered report, we conducted a meta-analysis (k

= 10, N = 856) on the impact of retrieval stress on memory following learning with

retrieval practice using databases and other information sources from 2006-2024. We found

a positive effect of retrieval practice versus restudy in stress conditions, Hedge’s g = 0.45,

95% CI [0.19, 0.71], suggesting retrieval practice is more beneficial than restudy during

stress. Significant heterogeneity was observed along with moderate risk of bias, yet little

evidence for publication bias. We did not find significant moderators in this sample nor a

significant effect of the stressor on memory performance. Future studies should be

conducted with sufficiently powered samples and using other types of control, or

non-retrieval practice, strategies to better understand protective effects of retrieval practice

on memory following stress. We registered our meta-analysis, with datafile, code and

supplementary here: https://osf.io/jwx4f/.

4.2 Introduction

Stress is defined as any event that is perceived as threatening (Dedovic et al., 2009)

and encompasses situation-specific and socio-evaluative psychological stressors such as test

anxiety, also known as exam-related stress (Cassady & Johnson, 2002; Dickerson &
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Kemeny, 2004). A wealth of evidence suggests that retrieval stress, or stress occurring

before memory recall, decreases memory subsequent learning (Gagnon et al., 2019a;

Kuhlmann, 2005; McEwen & Gianaros, 2011; Schwabe & Wolf, 2010b; Shields, Sazma,

et al., 2017; Vogel & Schwabe, 2016). At the same time, learning strategies such as

retrieval practice (i.e., the act of actively recalling information from memory) are

consistently shown to enhance memory retrieval (Roediger & Karpicke, 2006; Rowland,

2014). Recent evidence suggests that retrieval practice may have protective effects on

memory against stress via memory strengthening mechanisms (Smith et al., 2016). These

findings might suggest that memory may be made less sensitive against the detrimental

effects of retrieval stress using an easy-to-use learning strategy. To date, the overall effects

of retrieval stress on memory after learning with retrieval practice have not been examined

in a meta-analytic approach. In this meta-analysis, we aim to explore the protective

mechanisms of retrieval practice in the context of retrieval stress.

Stress can be experienced in many different forms. The one of interest for the

current meta-analysis is psychological stress, which involves uncontrollable situations or

events characterized by socio-evaluative threat, such as one’s performance being evaluated

or judged negatively by others (Dickerson & Kemeny, 2004). Examples of these situations

include: evaluative situations such as exams and test anxiety (Cassady & Johnson, 2002;

Hembree, 1988); the Tier Social Stress Test (TSST), which consists of socially evaluative

situations such as making a speech in front of others and being judged (Kirschbaum et al.,

1993); or via instruction sets which mention that performance will be judged (Almazrouei

et al., 2022). Stress can also be induced through procedures such as the Cold Pressor Test,

where participants place their hands in cold water for a specific time, coupled with

socio-evaluative elements (Schwabe & Schächinger, 2018; Schwabe et al., 2008). The

abovementioned measures to induce stress are typically associated with increased cortisol

levels or state anxiety responses which signal a stress response. And, importantly, a

plethora of studies suggest that stress induced through these methods is associated with
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decreases in memory performance and memory retrieval (de Quervain et al., 2000;

Kuhlmann, 2005; Kuhlmann, Kirschbaum, & Wolf, 2005; Schwabe & Wolf, 2010a).

Retrieval practice is a learning strategy where one actively recalls information from

memory. In a classic experiment, Roediger and Karpicke (2006) presented participants

with two passages to read for 7 minutes and then either restudy (reread) the passage or

take a short test where they wrote down as much as they could remember from the

passage. After a retention interval of 5 minutes, 2 days or one week, participants were

asked to recall as much as they could from the initial passages. Results revealed that for

the longer retention intervals of 2 days and 1 week, participants in the testing, or retrieval

practice, condition performed significantly better than the restudy condition (Roediger &

Karpicke, 2006), highlighting the effectiveness of this strategy for long-term learning. Since

then, the benefits of retrieval practice have been shown for a wide range of learning

materials and retention intervals (Karpicke, 2017; Rowland, 2014; Schwieren et al., 2017).

Critically, retrieval practice is shown to be more effective than commonly used

learning strategies such as restudying, highlighting, note-taking or elaborative techniques

such as drawing concept maps (Moreira et al., 2019). The benefits of retrieval practice are

thought to occur via an episodic context account. Under the episodic context account,

contextual cues become bound to memory traces and are reinstated each time an item is

retrieved from memory, thereby strengthening the memory traces learned with each

retrieval (Karpicke et al., 2014; Karpicke, 2017). When memory is strengthened as such, it

could become less sensitive to the effects of stress, and thereby also to the contextual shifts

that might occur due to stress (Smith & Thomas, 2018). Although this is only one of the

possible mechanisms under which retrieval practice is presumed to be effective, it can

explain why retrieval practice might protect memory against stress. However, despite its

effectiveness, the benefits of retrieval practice are rarely examined in the face of situations

where memory is likely to fail, such as during stressful situations.

That is, until A. M. Smith et al. (2016) examined the protective effects of retrieval
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practice against retrieval stress for the first time. In their study, 120 participants were split

into either a retrieval practice group, who learned material using the retrieval practice

strategy, or a study practice group, who re-read the material. Twenty-four hours later, 30

participants from both the retrieval practice and study practice groups underwent TSST

stress induction, and the other half underwent a non-stressful control task. At five minutes

and 20 minutes into the stress induction, a memory test was administered to observe the

immediate and delayed effects of the stress respectively. Results showed that participants

who learned via retrieval practice and were exposed to stress outperformed those who

restudied and were also exposed to stress (A. M. Smith et al., 2016). This study suggests

that retrieval practice might protect memory from the otherwise detrimental effects of

stress on memory, as well as carry over to other stressors such as during testing situations.

Other evidence comes from Agarwal and colleagues (2014), who administered

surveys to students in classes involved in a school-wide retrieval practice learning program.

When asked if retrieval practice made students more or less nervous for tests and exams,

72% reported that retrieval practice made them feel less nervous for upcoming tests. When

asked if they experienced more or less test anxiety for classes in which they underwent the

retrieval practice intervention compared to classes where they did not use retrieval

practice, only 19% indicated feeling more test anxiety, and over half of students (54%)

reported that retrieval practice reduced their test anxiety. Taken together, these results

suggest that retrieval practice can help protect memory against stressors.

However, other studies present contradictory findings regarding the protective role

of retrieval practice on memory following stress exposure. For example, a recent study by

Yang et al. (2020) investigated whether learning with retrieval practice is modulated by

individual differences such as test anxiety levels. Students filled out test anxiety

questionnaires and engaged in a learning session where they learned word lists with either a

retrieval practice or restudy strategy. Results showed that test anxiety scores did not

significantly correlate with memory performance, suggesting that test anxiety does not
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significantly modulate retrieval practice effects. However, other evidence from Clark and

colleagues (2018) suggests a positive relationship between test anxiety and using retrieval

practice when external incentives are applied, suggesting memory can be protected by

retrieval practice in the face of stressors like test anxiety.

The above literature suggests mixed evidence for the protective effects of retrieval

practice on memory following stress exposure. Further investigation is needed using a

meta-analytic approach to determine the strength of the cumulative evidence for the

protective effects of retrieval practice on memory following retrieval stress. Addressing this

question is critical as it could imply that using non-invasive learning strategies might

alleviate the memory impairment induced by stress. Such an investigation has the

potential to challenge some of the major theories of stress, as it would suggest that there is

a way to make memory less sensitive—and potentially protected—against what would be a

stress-induced memory impairment. In terms of real-world value, the findings of this

meta-analysis would additionally have major implications for designing learning-based

interventions in applied settings such as schools and other learning environments.

To summarize, a wealth of evidence suggests that psychological stressors include

situation-specific, socio-evaluative situations where individuals’ performance is likely to be

judged or evaluated such as test anxiety. Stressors experienced at retrieval decrease

memory and learning. Retrieval practice has been consistently shown to boost memory and

learning, however its protective effects in the face of retrieval stress are mixed. In this

meta-analysis, we aim to answer the question of whether retrieval practice can make

memory less sensitive to the detrimental effect of stress and potentially protect memory in

the context of retrieval stress.

Retrieval Practice Main Effects

In line with existing literature showing the negative impact of retrieval stress on

memory performance (Shields et al., 2017), our primary aim is to investigate whether

retrieval practice can make memory less sensitive to the negative effects of acute stress. To
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do this, we will perform a systematic literature search to identify studies which investigated

the potential of retrieval practice to protect memory against acute stress (A. M. Smith

et al., 2016). Based on the retrieved studies, our main research question will then be

investigated via four primary hypotheses.

First, based on previous literature showcasing the detrimental effects of retrieval

stress on memory (Shields et al., 2017), we anticipate that stress induction will lead to a

decline in memory performance when no specific strategies are employed (H1). This

hypothesis will be investigated by comparing the control learning strategies in a stress

versus non-stress condition. Second, prior evidence suggests that retrieval practice benefits

memory more so than other typically used strategies such as re-reading or highlighting

(e.g., Moreira et al., 2019) under non-stressful conditions. We thus hypothesize that

retrieval practice will yield memory benefits even in the absence of stress (H2). This

hypothesis will be tested by comparing the effects of learning with retrieval practice versus

a control strategy in non-stress conditions.

Third, using retrieval practice may make memory less sensitive against the

detrimental impact of stress on memory (A. M. Smith et al., 2016). Thus, we expect that

retrieval practice will outperform other control strategies in mitigating the memory

impairments induced by stress (H3). This hypothesis will be tested by comparing the

effects of learning with retrieval practice versus a control strategy in groups that underwent

stress induction. And, in a second step, if H3 is confirmed, we will further explore this

benefit by comparing the effects of retrieval practice on memory in a stress versus

non-stress condition. Here, we expect relatively equal performance when using retrieval

practice in a stress versus non-stress condition (H4), as the protective benefit of retrieval

practice in the stress condition should make it equivalent with the benefit of the strategy

already experienced in the non-stress condition (A. M. Smith et al., 2016).

Confirmatory Moderators

Stressor Type. When focusing on testing situations (i.e., memory retrieval), the
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literature points to mixed effects for different types of stressors. Namely, stress induced via

protocols in laboratory settings such as TSST leads to memory impairments (Shields,

Sazma, et al., 2017), whereas test anxiety does not always have an effect (Clark et al.,

2018; Yang et al., 2020). To further explore these differences, we coded this moderator

according to the type of stressor: TSST or TA. Based on our current understanding of the

literature, these are the two main types of stressor tasks. However, additional types of

stressor tasks may be added at Stage 2 when we conduct the literature search.

We predict that all types of retrieval stressors will lead to negative effects on

memory performance in groups who did not learn with retrieval practice but will not have

a negative impact when learning with retrieval practice.

Other Strategies. Previous evidence suggests that retrieval practice benefits memory

more so than other typically used strategies such as re-reading or highlighting (e.g.,

Moreira et al., 2019). Thus, we wanted to explore how different control strategies used in

comparison with retrieval practice could moderate overall effects. This moderator was

coded by categorizing each other strategy used (ie., restudy, highlighting, drawing

diagrams).

We predict that strategies used other than retrieval practice would be less beneficial

than retrieval practice.

Delay. Previous studies examining the impact of stress and retrieval practice on memory

performance were conducted with varying lengths of retention intervals between the initial

learning session and the final memory assessment. We wanted to explore whether retention

interval impacts memory performance following learning with retrieval practice. This

moderator was coded by different potential delay periods following learning to memory test

(e.g., 1 day, 2 days, 1 week, etc.).

Because retrieval practice is shown to have sustained long-term benefits (Roediger

& Karpicke, 2006), we expect its protective factor to continue even after a long-term delay

(e.g., 1 week) following initial learning.
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Task Type. Previous studies utilized different types of learning material when measuring

the impact of retrieval practice on memory performance. For example, the classic study by

Roediger and Karpicke (2006) had participants learn educational reading passages while

A.M. Smith and colleagues (2016) asked participants to remember word lists. However,

meta-analyses on the benefits of retrieval practice (e.g., Rowland, 2014) show consistently

positive effects regardless of this learning strategy on different types of materials. Thus, we

wanted to explore whether the type of learning material used impacts the overall

effectiveness of retrieval practice. This moderator was coded as the different types of

materials used (e.g., reading passages, word lists, questions, etc.).

We expect retrieval practice to have a positive effect on all types of learning

material used.

4.3 Methods

We shared all procedures, materials, datasets, articles, and code on Open Science

Framework (https://osf.io/nye73). There are no other unreported/unlinked

pre-registrations for this meta-analysis project. The templates on OSF and the template

for Stage 1 Registered Reports used in this meta-analysis have been adapted from the

resources developed by Feldman (2019a, 2019b) and (Yeung & Feldman, 2022). We made

all efforts recommended by the field to enhance reproducibility, openness, and transparency

(Maassen et al., 2020; Schwab et al., 2022).

4.3.1 Literature Search

An unstructured literature search was first performed on these databases in April

2022 during the conceptualization stage of the current work to test and refine our search

terms. During this initial probe, the articles were not systematically searched.

To find articles relevant on the topic, we used the following databases: PsycInfo,

PubMed, JSTOR, and Web of Science. The following search terms were applied on all

databases: ("testing effect*" OR "retrieval practice*") AND ("stress*” OR “test anxiety*")

using the appropriate search syntax terms for each database. We used Boolean operators
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such as “OR” and “AND” in the search pattern to connect test anxiety with stress and

retrieval practice or the testing effect. These terms are similar to other reviews on the topic

(Rowland et al., 2014; Schwieren et al., 2017) with the addition of the term “test anxiety.”

We selected experimental studies published in peer-reviewed journals in English between

the years of 2006 – 2022. This range was subsequently extended to the month and year in

which Stage 1 acceptance was obtained (April 2024), thus making our literature search

range from 2006 – 2024. The year 2006 was selected as the start date as that is the year

Roediger & Karpicke (2006) published the initial findings regarding the benefits of retrieval

practice, which has since then led to an explosion of research in that area. Grey literature

was searched on pre-print archives (e.g., OSF Pre-Prints) and featured unpublished studies

and theses databases (e.g., Thesis Commons, ProQuest) using the same search terms as the

database search. We reran the searches at least twice to ensure all literature was up to

date. The date last searched was April 28, 2024. The total outcome was 6,147 prospective

articles. Following deletion of duplicates, we had a total of 6,028 articles (Figure 11).

After that, a search for relevant papers not listed in the primary database search

was conducted, by manually searching for papers listed under the “related articles” and

“cited by” features in Google Scholar (Walters, 2007) using the identified list of articles.

This allowed us to find articles that were not detected in the keywords search process.

Additionally, we also conducted one additional round of search by skimming the reference

sections of identified articles from our primary search. The date last searched was May 30,

2024. The outcome was a total of 16 additional articles.

Furthermore, we identified authors in the field of the stress and memory literature

along with authors of other identified articles and searched through their related

publications. This ensured full coverage and maximized access to unpublished data and/or

manuscripts that are also relevant. This is an essential part of a meta-analysis process, as

it may reduce the effect of publication bias and may help prevent overestimated effect sizes

(Feltz & May, 2017). In total, we contacted nine authors, three of which replied. None of
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those who replied had any additional articles to provide. Lastly, we issued a call for

unpublished findings on online forums, research platforms, and social media (e.g.,

ResearchGate, Meta) throughout the month of May 2024. This did not yield any

additional articles. We did not contact authors for missing statistics as we were able to

extract them from the papers.

After the above search procedures, MM and MZ scanned all abstracts, tables, and

method sections to identify the relevance of the sources (see Screening section). If the

articles indicated relevance for our analysis, MM and MZ read more of the articles to

determine whether they met the inclusion criteria or whether articles had to be excluded

based on our search criteria (see next section). Disagreements were resolved via discussion

rounds at regular update meetings and reliability scores were performed at each step of the

screening process to ensure consistency. A second scan round enabled us to exclude 6

articles, reducing our sample of studies to 12 articles with a total of 1,046 participants. At

Stage 2, we further excluded two additional studies according to exclusion criteria, ending

up with a final 10 articles with a total of 856 participants (see Supplementary, Table 6).

We listed all the excluded articles in the Full Coding Sheet (available on OSF).
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Figure 11
Systematic literature search flow diagram

Note. The above template is adapted from Moher et al. (2009) preferred reporting items for

systematic reviews and meta-analyses: the PRISMA statement (www.prisma-statement.org), as

well as Moreau and Gamble (2022). Meta-analysis templates and materials Template 2 Search

Flow Diagram (osf.io/q8stz). It has been used/adapted from Yeung and Feldman (2022).
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4.3.2 Inclusion and Exclusion Criteria

Meta-analysis is meant to integrate similar or comparable studies (Higgins, 2003).

Since the aim of our meta-analysis was to determine whether learning with retrieval

practice protected memory following stress exposure, we established strict inclusion and

exclusion criteria.

First, the main dependent variable in each article needs to assess the impact of the

stressor vs. non stressor on memory in relation to having learned with retrieval practice. In

the current work, stress induction is defined to mean undergoing a procedure for stress

induction prior to retrieval. These procedures can include, but are not limited to, standard

procedures for stress induction: the Cold Pressor Test or variations of the TSST (see

Kirschbaum et al., 1993). As such, we included studies that feature an experimental vs.

control group design where the experimental group undergoes stress induction procedure,

and the control group does not. Additionally, stress induction is extended to the induction

of test anxiety. For these studies, the “stressor” corresponds to taking a test, being placed

in an evaluative situation, or otherwise inducing test anxiety or evaluative threat. In such

cases, individuals in the test anxiety group are considered as the stress group and those in

the non-test anxiety are the control group. Likewise, retrieval practice is defined to mean

the activity of actively recalling information from memory or engaging in the testing effect

(Roediger & Karpicke, 2006). Papers that included a learning session that is performed

with retrieval practice versus a control strategy (i.e., restudy), or several other strategies,

were also accepted. Papers which featured a non-retrieval practice group were also

accepted as a viable comparison group.

Second, the experimental studies we focused on had to include adequate statistical

information for computing the effect size for the effects of retrieval practice on memory

following stress induction. Namely, the article needs to report means, standard deviations,

and sample sizes for both the experimental and control groups who learned with retrieval

practice versus another strategy (if included) after undergoing the stress procedure.
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Alternatively, articles need to include the effect size that represents the magnitude of

having learned with retrieval practice in a group that underwent a stressor versus a control

or for the interaction effects between retrieval practice and a control strategy between

stress and control groups. In cases of missing statistical data, we first attempted to contact

the authors (Polanin et al., 2019) if the statistics were not reported or unable to be

extracted from plots with WebPlotDigitizer (Rohatgi, 2020) or metaDigitise (Pick et al.,

2018). If we were not able to obtain the required statistics, we excluded the articles even if

the articles met all other search criteria. We excluded all correlational studies and other

non-experimental studies.

Third, we excluded articles not written in English, unless we obtained all necessary

data and information for coding in English, or we obtained such data and information from

the authors. Fourth, we excluded retracted studies if the retraction is due to problems of

data collection and data analysis (Fanelli et al., 2022).

4.3.3 Screening

Studies collected through database searches and through contacting authors were

assessed for their eligibility based on their titles, abstracts, and contents. Titles were first

scanned to identify the relevance of the sources. Relevant titles were rated with a “1” and

irrelevant titles with a “0” by two independent raters (MM and MZ). If the titles seemed

relevant for our analysis, the full articles underwent abstract inspection. Abstract screening

followed the procedures suggested by Polanin and colleagues (2019). We looked for relevant

key words (i.e., “stress,” “retrieval practice”) and words indicating an experimental design.

Relevant titles were also cross-checked using the automated tool in the litsearchr package

in R (Grames et al., 2019, v0.1.0), though the searches were of manageable size and didn’t

require automation. All relevant abstracts identified in the abstract screening then

underwent eligibility screening via methods inspection. During this round of screening, the

methods section of all identified articles was carefully inspected to ensure they met all

inclusion criteria and were eligible for inclusion.
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The methods sections were independently checked by MM and MZ using separate

spreadsheets. Raters met regularly to update on progress and discuss any disagreements at

each stage. Disagreements were resolved through deliberations with a senior member.

Inter-rater reliability scores were assessed before and after rater deliberation. All decisions

for inclusion and exclusion were documented clearly, transparently, and systematically in

the excel spreadsheet Full Coding Sheet spreadsheet and Literature Searches (tab name

“Article List Inclusion and Exclusion Criteria,” see OSF https://osf.io/nye73, based on

https://osf.io/4cdzx). We saved all preliminary references of the studies in the total search

into a list available on OSF. The open-access full-texts are accessible on OSF.

4.3.4 Coding and Pre-testing

We developed a data coding sheet (tab name “Coding” in the Full Coding Sheet)

and a Codebook (available on OSF) to keep a clear record of our decisions at different

stages and enhance reproducibility (Arslan, 2019; Obels et al., 2020; Siddaway et al., 2019).

Before we began with the coding process, we pilot-tested 2 randomly selected studies in

two stages and refined it accordingly in every stage. Authors MM and MZ completed the

coding process to ensure a higher inter-rater reliability. We documented gaps and reported

decisions in detail in the “Article and Decision” tab of the Full Coding Sheet (see OSF

https://osf.io/nye73). As the main contributor, MM then verified the coding sheet and

adjusted any discrepancies if necessary following deliberations.

4.3.5 Included Studies Coding

Once we completed the article selection procedures, pre-test coding, and confirmed

the included studies, MM and MZ coded the studies independently. A codebook with

instructions (see OSF) on how to code each column was provided to all coders during the

coding process. Both coders coded half the studies individually, then checked each other’s

work for the other half of studies. Inter-rater agreements were checked with Cohen’s Kappa

and intra-class correlation coefficient (Hohn et al., 2019; Siddaway et al., 2019). If, during

the coding process, the article was found not suitable for meta-analytic inclusion, all
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reasons were clearly stated in the “Excluded Studies” tab.

4.3.6 Confirmatory Analyses

We used RStudio v4.1.3 (R Core Team, 2020) for the statistical analyses with

packages for meta-analysis such as metafor (Viechtbauer, 2010, v3.8-1). We used the

analysis templates adapted from Yeung and Feldman (2022) for meta-analyses in

psychology. We also followed the guidebook laid out by Harrer and colleagues (Harrer et

al., 2021) to conduct the meta-analysis.

We converted all effect sizes into Hedges’ g during analysis to facilitate comparison.

Multiple effect sizes (i.e., different measures within the same study) were handled by

computing a separate effect size for each different relevant scenario described in the article

(Appelbaum et al., 2018). For missing data (e.g., effect size missing, but M and SD

reported), we calculated using packages such as esc (Lüdecke, 2019, v0.5.1) or compute.es

(Re, 2020, v0.2-5). Calculation or coding procedures, as well as all packages and functions

used, were documented in the Full Coding Sheet (“Included Studies Effect Coding” tab).

Whenever standardized effect sizes were not available, we used either descriptive

statistics or inferential statistics, such as means and standard deviations. We also verified

statistical results from articles using statcheck (Nuijten & Polanin, 2020) to confirm

internal consistency. If the original article did not directly report mean and standard

deviation but simply provided graphs, we used WebPlotDigitizer (Rohatgi, 2020) and/or

metaDigitise (Pick et al., 2018) to extract the necessary values. We documented all

conversions and coding decisions. We included the original quotes and/or table/page

numbers from the original articles into the “Included Studies Effect Coding” tab to

facilitate reproducibility.

For main-effects, we analyzed the data with a two-level random-effects model

(Borenstein et al., 2009; Slaney et al., 2018). This model was adopted because it assumes

that studies stem from different populations, thus resulting in a distribution of effect sizes

rather than one true effect (Harrer et al., 2021). This model seemed applicable for our
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research question because it is unlikely that the selected studies will be completely

homogeneous. The random-effects model produces an overall effect size, along with

heterogeneity measures.

Importantly, because our main hypotheses look at the effects of retrieval practice

compared to control strategies in stressed and non-stressed conditions, as well as of control

strategies in stressed versus non-stressed conditions, we conducted the random-effects

model for all primary hypotheses (H1, H2, H3, H4). For H1, we compared the effects of

learning with control strategies in stress versus control or non-stress conditions. For H2, we

compared the effects of learning with retrieval practice versus a control strategy in a

control or non-stress condition. For H3, we compared the effects of learning with retrieval

practice versus other strategies in stress conditions. Lastly, for H4, we compared the effects

of learning with retrieval practice in stress versus non-stress conditions. This breakdown

allowed us to isolate and compare the effects of retrieval practice versus other strategies on

memory performance. Because we are running models on all four scenarios, we decided not

to conduct multivariate models, which are typically used to assess multiple correlated

outcomes within the same study. However, we ran sensitivity analysis with three-level

models at Stage 2 for each H to account for the nested structure of the data (i.e., effect

sizes within experiments, and experiments within studies). We also included the robust

variance estimator (RVE) at Stage 2 as another sensitivity analysis to account for potential

dependencies among effect sizes that might not be fully addressed by the multi-level

structure.

To determine the impact of the stressor on memory performance, we conducted

additional analysis by applying meta-regression using participant’s scores on the stress

manipulation checks as moderators weighed on memory performance scores in the stress

condition. This analysis was conducted as a sanity check to verify that the stress procedure

was successful in included studies. The stress scores were extracted from each study and

reflected participant’s self-reported stress score on a stress or anxiety measure taken before
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and after the stressor in both stress and control groups. This analysis will only be

conducted if the stress measurements extracted from studies are sufficiently comparable at

Stage 2.

We plotted forest plots presenting the effect size of each study. We presented the

effect size with confidence intervals and sample size of each study. Statistical heterogeneity

between studies was determined using the Q statistic and quantified with I2

(Huedo-Medina et al., 2006). This global meta-analysis yielded a point estimate,

confidence interval, and p-value, along with statistics for heterogeneity. We determined a

threshold of I2 of over 50% and a significant Q statistic as an indicator to perform

subsequent moderator analysis (Harrer et al., 2021). If we obtain such results, we can

assume that there are sources of variation other than sampling error in our sample, thus

warranting further investigation. If there was indeed meaningful heterogeneity, we

investigated and explored potential moderators.

For moderator analysis, we used two-level plural models for contrasting moderator

categories. These models combine the fixed-effects model to assess differences in true effect

sizes between fixed subgroup levels and the random-effects model to account for potential

heterogeneity within and among subgroups (Harrer et al. 2021). Because moderator

analysis is heavily dependent on statistical power (Harrer et al., 2021), we controlled for

the low power issue by using the MetaForest package (van Lissa, 2020, v0.1.3). This

procedure uses bootstrapping techniques to overcome the low power issues in moderator

analyses. It provides a ranking of moderators in terms of variable importance.

Publication bias was assessed by first evaluating “small study effects” (Harrer et al.,

2021). Small study effects (SSEs) refer to the phenomenon where studies with smaller

sample sizes tend to show larger and more extreme effects compared to studies with larger

sample sizes. Thus, small studies are more likely to get published while studies with

non-significant results are more likely to be unpublished, creating skewed evidence. To

assess small study effects, we first plotted the effect sizes and standard errors of each study,
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visually depicted in a funnel plot. Egger’s Test of the Intercept (Egger et al., 1997; Sterne

& Egger, 2005) was then used to calculate whether asymmetry exists in the funnel plot. If

Egger’s Test is significant, this may be due to missing studies. To check this, we then

applied the trim-and-fill procedure, which corrects for this asymmetry by filling in missing

studies (Duval and Tweedy, 2000). We also conducted the Rank correlation test (Begg &

Mazumdar, 1994) which assesses the association between effect sizes and their standard

errors. The Rank test produces a measure of association with Kendall’s tau, where

significant correlations suggest publication bias.

To check for publication bias, we applied the PET-PEESE method (Stanley &

Doucouliagos, 2014). In the PET method, the effect of small studies is controlled by

including the standard error as a predictor in a weighted regression model where the

study’s effect size is regressed on its standard error (Harrer et al., 2021). Similarly, the

PEESE method uses the squared standard error as a predictor. If the regression intercept

calculated by PET is significantly larger than zero, the PEESE is used as the true effect

estimate. If the PET intercept is not significantly larger than zero, the PET is used as the

true effect estimate (Harrer et al., 2021). We also conducted a three-parameter selection

model (Iyengar & Greenhouse, 1988). This model uses three parameters to assess

publication bias: the effect size parameter, the heterogeneity parameter (τ 2), and the

likelihood of selection. Selection models predict how likely it is that a study is published

(i.e., “selected) based on its results (i.e., it’s p-value). The model then “removes” the

assumed bias due to selected publication and derives a corrected estimate of the true effect

(Harrer et al, 2021).

The above publication bias methods are our preferred methods based on simulations

of false positives, statistical power, and recommendations from the field (Carter et al.,

2019). We acknowledge that there are many different approaches to publication bias

correction. We also acknowledge that heterogeneity and publication bias are closely

intertwined, and some measures of publication bias can be sensitive to underlying study
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heterogeneity. This sensitivity could affect the reliability and interpretation of our findings.

One way in which we will disentangle the two in the current work involves conducting

Egger’s test to assess the presence of publication bias, while also evaluating heterogeneity

using methods such as Cochran’s Q or I2 statistic, as outlined above. Significant

heterogeneity may indicate that studies are estimating different underlying effects, whereas

significant results from Egger’s test could suggest publication bias. Moreover, we will

perform sensitivity analysis using the leave-on-out method (Harrer et al., 2021) where effect

sizes are recalculated with one study removed each time to assess the robustness of findings

and identify potential outliers. Additionally, we will consider the sample size and quality of

included studies when interpreting results, recognizing that small sample sizes and

low-quality studies are more vulnerable to biases and spurious results (Brysbaert, 2019),

which may influence our understanding of potential publication bias. Additionally, we will

also assess study level power to check whether publication bias is likely (Quintana, 2023).

4.3.7 Power Analysis

A priori power analysis was conducted prior to beginning the current work. We

expected the effect size of retrieval practice following stress exposure to be d = 0.61, as

previously demonstrated in experimental results for memory performance in a stressed

group of participants that learned with retrieval practice (A. M. Smith et al., 2016).

Because our understanding of the literature is that the current field is still emerging, we

expected to include 10 studies. We expected the average sample size per study and

condition to be 25 and we expected moderate-to-high heterogeneity. We conducted a

priori-power calculation with dmetar v0.0.9000 package (Harrer et al., 2019, available on

OSF), which yielded a power estimate of 99.91%. We also conducted sensitivity power

analysis by conducting a simulation with the same parameters, but assuming an effect of d

= 0.4, the smallest effect size needed for real world application in psychological research

(Brysbaert, 2019). The estimated power for these parameters was 92.88%. Both analyses

suggested we had viable power to conduct the meta-analysis assuming those parameters.
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Post-hoc power analysis was performed at Stage 2 by re-running our initial power

analysis script above with the actual effect sizes obtained from our meta-analysis. We also

used the upper and lower bounds of the confidence intervals for each H overall effect, as

suggested during Stage 2 review. As a complementary approach, we also applied the

metameta package (Quintana, 2023). The metameta package serves as a versatile tool for

conducting post-hoc power analysis in meta-analysis, enabling researchers to determine the

range of effect sizes reliably detectable within a body of studies. By utilizing data extracted

from meta-analysis forest plots and tables, metameta calculates study-level statistical

power and median statistical power based on published effect-size and variance data.

4.3.8 Risk of Bias

Risk of bias of individual studies included in our meta-analysis was assessed with

Cochrane Risk of Bias 2 tool (Sterne et al., 2019). Risk of bias is essential to perform in a

meta-analysis to assess and weigh the relative bias risk each study poses. Risk of bias is

assessed across the following domains: the randomization process, deviations from intended

interventions, missing outcome data, measurement of outcome, selection of the reported

results. Judgments regarding the risk of bias for each domain are based on answers to

signaling questions, which are rated on the basis of “yes,” “probably yes,” “no,” “probably

no,” or “no information.” The resulting judgments of “low,” “some concerns,” or “high” risk

of bias are outputted by the risk of bias algorithm in the tool. Risk of bias judgments were

performed by two independent raters (MM and MZ). Risk of bias ratings are available on

OSF (https://osf.io/v32b9).

4.4 Results

In the following results section, we first present the retrieval practice main effect

findings, followed by publication bias, moderator analysis, post-hoc power analysis, and

risk of bias. Note that the forest plot for H3 only is provided in the main paper (see

Supplementary for H1, H2, H4 forest plots). Also note that k = 9 for H1-H3, as one study

(Hupbach & Feiman, 2012) only had effects for H4 and is thus only factored into H4.
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4.4.1 Retrieval Practice Main Effects

Random-Effects Two-Level Model for H1 (other strategy in a stress vs.

non-stress condition)

We first examined the overall effect of having learned with a control learning

strategy in a stress compared to non-stress condition. The mean effect was negative, and

the p-value was not significant, k = 9 with 21 effect sizes, g = -0.05, CI [-0.15, 0.05], p =

0.34. Thus, we found no support for H1. Heterogeniety for H1 was not significant

(Q(df = 17) = 15.99, p = 0.72, I2 = 0%). Sensitivity analysis with a three-level model and

robust variance estimation accounting for effect size dependencies showed similar results as

the main model (see Supplementary).

Random-Effects Two-Level Model for H2 (retrieval practice vs. control

strategy in a non-stress condition)

Next, we examined the overall effect of having learned with retrieval practice

compared to a control strategy in a non-stress condition. The mean effect was positive, and

the p-value was significant, k = 9 with 21 effect sizes, g = 0.37, CI [0.09, 0.66], p = 0.01.

Thus, we found support for H2. Additionally, there was significant heterogeniety

(Q(df = 20) = 115.38, p < 0.01, I2 = 86%). Sensitivity analysis with a three-level model

and robust variance estimation accounting for effect size dependencies showed similar

results as the main model (see Supplementary).

Random-Effects Two-Level Model for H3 (retrieval practice vs. other strategy

in a stress condition)

We then examined the overall effect having learned with retrieval practice versus a

control strategy on memory performance in a stress condition, our main hypothesis of

interest. The mean effect was positive, and the p-value was significant, k = 9 with 21 effect

sizes, g = 0.45, CI [0.19, 0.71], p < 0.01 (Figure 12). Thus, we found support for H3.

Additionally, there was significant heterogeniety

(Q(df = 20) = 109.20, p < 0.01, I2 = 83%). Sensitivity analysis with a three-level model
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and robust variance estimation accounting for effect size dependencies showed similar

results as the main model (see Supplementary).

Random-Effects Two-Level Model for H4 (retrieval practice in a stress vs.

non-stress condition)

Lastly, we examined the overall effect having learned with retrieval practice in a

stress versus non-stress condition. The mean effect was positive with a negative confidence

interval, and the p-value was not significant, k = 10 with 23 effect sizes, g = 0.08 CI [-0.02,

0.19], p = 0.11. Thus, we found no support for H4. Additionally, heterogeniety was not

significant (Q(df = 21) = 23.65, p = 0.37, I2 = 6.47%). Sensitivity analysis with a

three-level model and robust variance estimation accounting for effect size dependencies

showed similar results as the main model (see Supplementary).
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Figure 12
Forest plot for H3

Note. Forest plot of all studies in H3 (with their coded study and experiment number) included in

this meta-analysis with their respective sample size, effect size (represented by the squares),

weight, and 95% confidence intervals. Larger squares indicate more weight in the random effects

model. The x-axis represents the standardized mean difference effect size (Hedges’ g), and the

y-axis is each individual study. RE model at the bottom represents the overall effect size and its

95% confidence interval using the random-effects model. Article name (e.g., Pastötter 2020),

followed by study number, experiment number within the study, and sample number (e.g.,

Pastötter 2020 / 1 / 2 / 1). Letters (e.g., “a”, “b”) indicate multiple studies within the same

article.

4.4.2 Effect of Stressors

To examine the effect of the stress manipulation on memory performance, we

submitted participant’s subjective stress scores to a meta-regression. Subjective stress

scores were used as the stress measure because they were consistently reported across most

studies. One study (Klier & Buratto, 2023) was not included in this analysis as they did

not report these scores. The test for residual heterogeneity (QE(df = 6) = 4.57, p = 0.60)
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indicated no significant unaccounted variability in the model. The test of moderators

yielded a QM statistic of 0.38 (p = 0.54), suggesting a nonsignificant influence of stress

scores on memory performance overall.

4.4.3 Statistical Power

Post-hoc power analysis was conducted to determine the adequacy of our study

design under the assumption of a random effects model with moderate heterogeneity. The

analysis was done by using the upper and lower bounds of the confidence intervals, as

suggested during Stage 2 review, from the main effect of each H with 10 studies and 30

participants per group. For H1, power estimates ranged from 8.29% - 43.74%; for H2,

estimates ranged from 12.91% - 99.98%; for H3, estimates ranged from 37.53% - 100%; and

for H4, from 5.52% - 52.13%. Overall, H3 was the most well-powered of all hypotheses.

However, none of the hypotheses demonstrated consistently sufficient power across the full

range of estimates, particularly at the lower end of the confidence intervals.

We also conducted post-hoc power analysis by calculating study-level statistical

power and median statistical power based on published effect-size and variance data from

our meta-analysis using the metameta package (Quintana, 2023). We visualized median

power in a Firepower plot (Figure 13), which summarizes the median statistical power

across multiple meta-analyses (i.e., in our case, the four Hs) and illustrates the ability of

studies within each H to detect the overall effects found per H. Results showed that larger

effect sizes are more likely to be detected, however the overall power across the studies is

relatively low, as they are unable to detect effects smaller than 0.3.
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Figure 13
Fireplot visualizing power across all Hs

Note. Fire plot indicating statistical power for all hypotheses (Hs) in the meta-analysis. The

x-axis represents the total power ranging from 0.1 (10% or low power) to 1.0 (100% or high

power) and the y-axis represents the hypotheses. Colors indicate the median power of the

conducted meta-analyses. Higher color saturation indicates higher statistical power for effect sizes

(see Power bar).

4.4.4 Publication Bias

Null findings are less likely to be published (Begg & Berlin, 1988; Duval & Tweedie,

2000), resulting in biased published literature and a possible overestimation of an effect.

We looked at small-study effects (SSEs) and correction methods, and employed six

different statistical approaches to examine publication bias according to recommendations

from the field (Harrer et al., 2021). A summary of publication bias analyses is provided in
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Table 5 for H3 and in Supplementary (Table 7) for H1, H2, and H4. There were

discrepancies in the methods. For instance, for H3, no missing studies were identified using

the Trim-Fill, however Egger’s Test and Kendall’s tau were both significant, indicating

funnel plot asymmetry, though visual inspection of the funnel plot did not confirm this

(Figure 14). Correction methods using PET-PEESE and the selection model were not

significant, showing no strong evidence of publication bias. Significant publication bias was

found for H1 and H4 with the Trim-Fill imputing missing studies (Figure 15) in both, as

well as significant PET-PEESE intercepts suggesting a positive effect. However, as neither

H1 nor H4 are supported, this more likely indicates no effects for this hypothesis. For H2,

Egger’s test suggested funnel plot asymmetry, but this was not accompanied by any other

bias indications (i.e., PET was not significant). Additionally, the Likelihood ratio tests

from the selection model were insignificant across all Hs, indicating the pooled effects were

not distorted by selective reporting.

We also conducted a sensitivity analysis using the leave-one-out method (Harrer et

al., 2021) to disentangle the effects of heterogeneity and publication bias, recognizing that

some measures of publication bias are sensitive to underlying heterogeneity. This analysis

revealed that the overall effect size was robust, with stable estimates and confidence

intervals when individual studies were excluded. Despite the robustness, there was

significant heterogeneity in the dataset, as indicated by high Q statistics and I2 values,

suggesting that there is considerable variability in effect sizes across the studies included in

the meta-analysis.



87

Table 5
Summary of publication bias for H3

Note. Values in parentheses indicate 95% confidence intervals [lower bound, upper bound].
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Figure 14
Funnel plot for H3

Note. Funnel plot of H3 showing each effect size (x-axis) plotted against its standard error

(y-axis). Studies with higher precision are at the top and studies with lower precision (i.e., larger

standard errors) congregate at the bottom of the funnel and signify publication bias. The current

funnel plot shows studies homogeneously spread out, effects are generally consistent, though not

many studies are at the top.
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Figure 15
Funnel plots for H1, H2, H3, H4

Note. Funnel plot of all studies per hypothesis (H) showing each effect size (x-axis) plotted

against its standard error (y-axis). Studies with higher precision are at the top and studies with

lower precision (i.e., larger standard errors) congregate at the bottom of the funnel and signify

publication bias. The dotted line in the center represents the overall mean effect. Significant

publication bias is seen in H1 and H4, indicated by the seven and five imputed studies from the

Trim-Fill procedure.



90

4.4.5 MetaForest Moderator Analyses

To address the problem of limited studies and lack of statistical power without risk

overfitting, we adopted MetaForest (van Lissa, 2017, v0.1.3). MetaForest uses "random

forests," a machine learning technique, and bootstrapping to examine several possible

moderators. The main model indicator, R2 out-of-bag (R2-OOB), was 0.23, suggesting that

the included moderators explained approximately 23% of the variance in effect sizes. This

reflects a moderate level of explanatory power and indicates that the moderators

contributed somewhat meaningfully to accounting for variability in the data. Delay was the

most important moderator, followed by Task Type and Stressor Type. Other Strategies

had a negligible impact.

4.4.6 Moderator Analyses

Statistical heterogeneity was determined using Cochran’s Q statistic and quantified

with I2 (Higgins & Thompson, 2002). The Q statistic was significant

(Q = 109.20, p < 0.01, df = 20), suggesting the overall sample for H3 was highly

heterogeneous. This is further supported by an I2 value of 83.92%, suggesting a nearly 84%

chance of the results being due to heterogeneity rather than chance. To examine the

sources of heterogeniety, we examined three possible theoretical and methodological

moderators according to a pre-registered criteria: Stressor Type (TSST vs. TA stress),

Other Strategies used (restudy only), Delay (immediate, 1 day, 2 days, 1 week), and

learning Task Type (words/lists, facts/short answer, educational texts). Results of

moderator analyses are summarized in Figure 16 for H3, our main H of interest. Moderator

analyses for H1, H2 and H4 are presented in Supplementary. Because all studies employed

the same control strategy (restudy), the Other Strategies moderator lacked variability and

could not be meaningfully analyzed. Therefore, we omitted it at Stage 2 for clarity and

parsimony across all Hs.

As suggested during Stage 2 review of this registered report, we also ran Delay as a

continuous moderator. This analysis found a significant effect (QM = 7.75, p = 0.005),
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indicating longer delays were associated with increased memory performance for H3. The

results for the other Hs are presented in Supplementary.

Stressor Type. Seventeen effect sizes for TSST stress had an effect size of g =

0.43, CI [0.10, 0.75], p = 0.01. Four effect sizes for TA stress had an effect size of g = 0.54,

CI [0.30, 0.78], p < 0.001. We used a fixed-effects contrast and MetaForest to test if there

is a meaningful moderating effect. We did not find a significant difference between TSST

and TA type stressors.

Delay. Seven effect sizes for a delay of less than one day (i.e., immediate) had an

effect size of g = 0.05, CI [-0.38, 0.47], p = 0.83. Four effect sizes for a delay of one day had

an effect size of g = 0.52, CI [0.08, 0.97], p = 0.02. Six effect sizes for a delay of one week

had an effect size of g = 0.93, CI [0.38, 1.49], p = 0.001. Four effect sizes for a delay of two

days had an effect size g = 0.40 CI [0.17, 0.62], p < 0.001. We used a fixed-effects two-level

model and MetaForest to test if there is a meaningful moderating effect. We did not find a

significant difference between the moderators.

Task Type. Fifteen effect sizes for word or word lists tasks had an effect size of g

= 0.43, CI [0.06, 0.80], p = 0.02. Four effect sizes for facts/short answer tasks had an effect

size of g = 0.54, CI [0.30, 0.78], p < 0.001. Two effect sizes for educational texts had an

effect size of g = 0.40 CI [0.04, 0.76], p = 0.03. We used a fixed-effects two-level model and

MetaForest to test if there is a meaningful moderating effect. We did not find a significant

difference between the moderators.
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Figure 16
Summary of moderator analyses for H3

Note. k = number of studies (i.e., effects from each study); g = Hedge’s g effect size, CI = lower

and upper limits of 95% confidence interval, tau2 = tau squared value, I2 = I-squared value, * p

< .05, ** p < .01, *** p <.001, (all two-tailed); Q = Q statistic indicating heterogeneity

(decimals only reported if Q < 1), Diff = QM statistic, test of moderator effects showing any

differences between the moderators.

4.4.7 Risk of Bias

Risk of bias was assessed with the Cochrane Risk of Bias 2 tool (Sterne et al., 2019).

The total risk of bias was “some concerns” across all studies (Figure 17). Most studies

(70%) stated participants were randomly selected into stress or control groups, although

they did not elaborate on the method of randomization (e.g., random number generator).

The other half (30%) were rated as “some concerns” in this category for not mentioning

any randomization or opting for quasi-randomization methods. For deviations from

intended interventions, exactly half of studies were rated as “some concerns” due to

participants and those delivering the intervention likely being aware of their assignment to

the stress or control group or not having enough information to determine if they were. In

terms of missing outcome data, 40% were at “high risk” due to having excluded enough

participants to make a difference in the outcome or not mentioning reasons for participant
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exclusion from analysis, and no sensitivity analyses being done to test how the removed

data points impacted overall results. Nearly all studies (90%) had “some concerns” when it

came to measurement of the outcome variable for assessors likely being aware of

participants’ assignment to experimental conditions and there not being sufficient

information reported in the papers to determine if that knowledge could have made a

difference or not in the measurement. All studies had “some concerns” when it came to

measurement of the reported outcome due to not reporting a study protocol or analysis

plan prior to having conducted the intervention.

Figure 17
Risk of bias across studies

Note. Summary table of the risk of bias in all included studies overall and across each of the five

domains: overall bias (some concerns), selection of the reported result (some concerns),

measurement of the outcome (largely some concerns), missing outcome data (a mix of low and

high risk), deviations from intended interventions (a mix of low risk and some concerns), and

randomization process (mainly low risk, but some concerns). The bias domain is seen on the

y-axis, and the score out of 100 is illustrated on the x-axis.

4.5 Discussion

This meta-analysis examined whether retrieval practice can make memory less

sensitive to the detrimental effects of stress. We probed the literature for studies examining



94

memory performance in participants who underwent stress exposure versus a control group

after learning with retrieval practice. We found a positive overall effect for retrieval

practice versus a control strategy (i.e., restudy) on memory performance in stress

conditions, k = 9 with 21 effect sizes, g = 0.45, CI [0.19, 0.71]. These results support our

primary hypothesis (H3) and suggest retrieval practice is more effective than restudy for

memory during stressful situations. However, meta-regression analysis revealed a

nonsignificant impact of the stress induction on memory performance. We did not detect

significant publication bias in this sample nor any significant moderators.

Retrieval practice main effects

The current work found retrieval practice significantly improves memory

performance compared to other strategies under stress conditions, supporting our H3. This

aligns with previous findings that retrieval practice is effective in the context of stressors

(A. M. Smith et al., 2016) and with studies showing its benefit for other stressors like test

anxiety (Yang, Shanks, et al., 2023). This also aligns with the context-dependent

explanation of stress, where the repeated binding of contextual cues to the memory trace

strengthens the memory and makes it easier to access, thereby potentially making it less

vulnerable to the detrimental effects of stress (Karpicke, 2017; Karpicke et al., 2014).

We then explored the benefit of retrieval practice by comparing its effects on

memory in stress versus non-stress conditions (H4). Results showed null findings of g =

0.08 CI [-0.02, 0.19], indicating no statistically significant effect of retrieval practice

between stress and non-stress conditions. These findings align to some extent with those of

A. M. Smith et al. (2016) and Szőllősi et al. (2017), who observed similar memory

performance levels between stressed and non-stressed participants who used retrieval

practice. It is also possible that here, the repeated binding of contextual cues during

retrieval contributes to strengthening the memory trace and making it robust during stress

situations (Lehman et al., 2014), but further research is needed to substantiate this

explanation.
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The evidence for our other hypotheses was inconclusive. First, we found null effect

when only restudy was used in a stress versus non-stress setting, g = -0.05, CI [-0.15, 0.05],

failing to support H1. This means there was no significant difference in memory

performance between stress and non-stress conditions when participants used restudy. This

does not align with other research showing the detrimental effects of retrieval stress on

memory when no specific strategies are used (Schwabe & Wolf, 2010a; Shields, Sazma,

et al., 2017). We also found a positive effect for retrieval practice versus restudy in

non-stress conditions, g = 0.37, CI [0.09, 0.66], consistent with the robust testing effect

(Agarwal et al., 2021; Rowland, 2014; Schwieren et al., 2017; Yang et al., 2021).

Together, these results suggest that retrieval practice is more effective when

compared to control strategies in both non-stress (H2) and stress conditions (H3).

However, there is no evidence to suggest that stress impacts performance when only

retrieval practice (H4) or control strategies (H1) are used. Thus, our findings seem to

suggest that retrieval practice may offer a stable benefit compared to control strategies

regardless of stress, rather than specifically protecting against the stress. This is further

supported by our meta-regression analyses which did not reveal a significant effect of stress

scores on memory performance. We note that these findings do not confirm the absence of

an effect for stress, but rather that no detectable effects were seen here. We would further

like to note that the meta-regression results should also be approached with caution due to

the variability of subjective stress scores measured in each study and the low number of

studies in the analysis.

Publication bias

In terms of publication bias, the current work showed mixed results, consistent with

the publication bias results of previous reviews on retrieval practice (e.g., Rowland, 2014;

Yang et al., 2021). For H3, there was some evidence of publication bias as shown by

Egger’s Test and Kendall’s tau, but the Trim-Fill did not find missing studies and the

selection model did not confirm selective reporting. Although PET-PEESE were not
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significant, their corrected estimates showed the effect may be weaker than initially

observed. For H2, there was little to no evidence of publication bias across all measures.

This means the benefits of retrieval practice compared to restudy in stress and non-stress

conditions hold up and are not likely influenced by publication bias.

For H1, both Egger’s Test and Kendall’s tau revealed significant funnel plot

asymmetry, and the Trim-Fill imputed seven “missing” studies. Moreover, both PET and

PEESE yielded significant positive intercepts, indicating that after correcting for SSEs, the

true effects for H1 might be positive, meaning publication bias may have obscured true

effects here. H4 showed similar results, with five imputed studies and the PET-PEESE

being marginally significant p = 0.05, and suggesting positive corrected effects. However,

due to the null findings for both H1 and H4, the presence of bias does not necessarily

indicate hidden effects but rather suggests the effects, if any, are negligible and spotlights

the need for cautious interpretation. In these cases, it is important to note the limitations

of these measures. For instance, PET-PEESE and the Trim-Fill methods are not robust

when heterogeneity is high (H2 and H3) and when the power is low (all Hs) (Harrer et al.,

2021).

Publication bias can also be explained by other factors such as heterogeneity and

risk of bias (Harrer et al., 2021). Indeed, this review observed high levels of heterogeneity

indexed by a significant Cochrane’s Q for H2 and H3. Additionally, heterogeneity remained

high during sensitivity analysis using the leave-one-out analysis, meaning that the effect

observed is not driven by any single study but is consistent across the included studies. All

studies in our sample included some levels of bias as indexed by our risk of bias assessment.

Specifically, issues with randomization, awareness of group assignment, missing outcome

data, and lack of analysis protocols may introduce biases that could overestimate the

positive effects of retrieval practice on memory performance under stress found in the

individual studies. Finally, we note that most studies contained smaller sample sizes than

recommended for their designs, making them vulnerable to spurious results (Brysbaert,
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2019). All these methods together confirm that bias is present, potentially inflating overall

effects, and reinforce the need to examine bias from multiple angles for robustness.

Moderator analyses

Moderator analyses were also a mixed bag. No significant moderators were found for

H3, suggesting that the positive effects of retrieval practice versus restudy are consistent

and apparently unaffected by various study characteristics and contexts. This aligns with

previous studies showing the effectiveness of retrieval practice regardless of various factors

(Adesope et al., 2017). In H4, 2-day delays showed stronger effects than 1-week delays,

suggesting a benefit for shorter retention intervals when retrieval practice is used in stress

compared to non-stress conditions. This is partly in line with previous research where the

benefits of retrieval practice become stronger in the next day or so (e.g., Karpicke &

Roediger, 2007), but not with the classic retrieval practice paradigm where its effects are

strongest after one week (Roediger & Karpicke, 2006). This pattern was reversed in H2,

which showed a significant difference for 1-week delays compared to 1-day, consistent with

the classic testing effect, so this pattern warrants further investigation during stressful

situations. In both H1 and H4, effects for facts or short answer learning material were

stronger compared to educational texts (H1) and word lists (H4). This suggests restudy

seems to benefit shorter learning material more than more complex texts, and that retrieval

practice may specifically benefit facts or short answer material over simpler material like

words in stress versus non-stress conditions. These results need further investigation in

stress settings, but they generally align to the literature showing retrieval practice benefits

this type of material (Agarwal et al., 2021; Moreira et al., 2019; Yang et al., 2021).

In line with our meta-regression findings, we did not find a significant moderating

effect of type of stressor on memory performance across all Hs. This is surprising given the

large body of literature showing that stress induced through TSST procedures impacts

memory (Schwabe et al., 2008; Shields, Sazma, et al., 2017), but is partially in line with

research suggesting test anxiety type stressors do not always impact memory performance
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with retrieval practice (Clark et al., 2018; Hinze & Rapp, 2014; Yang et al., 2020). One

possible explanation is that the benefits of retrieval practice might be robust enough to

negate the effects of the stressor altogether. This has already been shown in studies where

retrieval practice successfully decreased test anxiety stressors (Piroozmanesh & Imanipour,

2018; Szpunar et al., 2013) but requires further investigation using different types of

stressors.

Implications

The results found here suggest retrieval practice provides a stable benefit compared

to restudy in both stress and non-stress situations. Having a noninvasive strategy to

mitigate the potential detrimental effects of stress on memory is a promising step in the

memory and learning field. In educational settings, where students often experience stress

during assessments (Vogel & Schwabe, 2016), incorporating retrieval practice into study

routines could help alleviate this stress and improve performance through individuals’ own

efforts. For instance, Yang and colleagues (2023) found that testing can reduce test

anxiety, highlighting its value in real-world scenarios. In high-stress professions, such as

healthcare or emergency services, using retrieval practice to remember medical symptoms

or protocols could enhance memory retention and accuracy, potentially leading to better

decision-making and outcomes under pressure. In daily life, individuals facing

stress-related memory challenges—whether due to work demands or caregiving

responsibilities—could benefit from retrieval-based strategies to enhance memory resilience

for daily life tasks like remembering a grocery list.

At the same time, high heterogeneity in the overall results suggests that

methodological variations across the included studies, such as differences in retrieval

practice implementation, could have played a role. For instance, some studies allowed only

a few seconds for encoding or recall (A. M. Smith et al., 2019; Tse et al., 2019), while others

gave participants more extensive study and retrieval opportunities (Szőllősi et al., 2017).

These inconsistencies could have obscured true effects, and point to the need for more
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standardized and well-controlled implementations of retrieval practice in future research.

Limitations and future directions

Restudy was the only control learning strategy utilized across all the papers,

highlighting a limitation in the field and in our results. It would be informative to examine

how other “strong” learning strategies fare in comparison to retrieval practice, for instance,

feedback or spaced learning (Reber & Rothen, 2018) to determine if they could also have

potentially protective effects on memory during stress. Most studies also exclusively

utilized word lists for learning material, which did not show consistently strong effects in

our moderator analyses. This opens questions on why and how different types of learning

material, such as more complex educational material, might moderate learning with

retrieval practice in stressful settings. Previous work has found differing effects for test

format on memory (i.e., cued recall vs. recognition tests) during stress (Shields, Sazma,

et al., 2017), opening doors for future studies to further investigate how different types of

memory assessments interact with stress to influence memory performance. Although

included studies reported that stress induction was successful, we did not find stress

induction to contribute meaningfully to differences in memory performance across the

studies, at least at the subjective level. Future studies should further investigate other

factors that may influence memory performance under stress, such as the type and

duration of stress, individual differences in stress response, and the context in which stress

and retrieval practice are applied.

In addition, the general lack of power in individual studies suggests that their

findings may be less reliable and could contribute to variability in the overall results.

Post-hoc power analysis revealed no hypothesis was sufficiently powered on its own and our

meta-analysis was not powered enough to detect effects smaller than 0.3. This means that

meta-analytic estimates are more sensitive to the inclusion or exclusion of individual

studies, as studies have more of an impact since they are so few. It also highlights the need

for caution when interpreting the results, as limited statistical power increases the risk of
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both false positives and false negatives. This is especially dangerous for budding fields such

as the current, as early, potentially inflated, effects could disappear as better powered

studies get conducted in the future. Thus, current and future studies must aim for

adequately powered studies by following recommendations from the field (e.g., Brysbaert,

2019) to enhance the reliability and value of future meta-analytic endeavors.

4.6 Conclusion

This meta-analysis explored whether retrieval practice can make memory less

sensitive to the detrimental effects of stress. We found a medium effect size for retrieval

practice versus restudy in stress conditions, g = 0.45, CI [0.19, 0.71], and a similar effect

size for retrieval practice versus restudy in non-stress conditions, g = 0.37, CI [0.09, 0.66],

suggesting retrieval practice is more beneficial than restudy in both stress and non-stress

conditions. Null findings for both restudy and retrieval practice alone in stress versus

non-stress conditions suggest that neither strategy was particularly vulnerable to the

effects of stress when used alone. Moderator analyses across the hypotheses suggest factors

like delay and type of learning task may influence outcomes but not across all situations.

Trends in publication bias analyses were mixed but suggested possible overestimation of

effects. Additionally, the inadequately powered studies in the meta-analysis as a whole

suggest the observed effects should be approached with caution. Although retrieval

practice is more effective than restudy in both stress and non-stress conditions, the lack of

impact of the stressor on memory performance makes any takeaways preliminary and

highlights that this is an emerging field requiring more sufficiently powered studies to

clarify the conditions under which retrieval practice is or isn’t protective.
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4.7 Supplementary

In this section, we present sensitivity analyses for our main effects and moderator

analyses. Our included studies are shown in Table 6, forest plots for H1, H2 and H4 in

Figure 18, publication bias summary for H1, H2 and H4 in Table 7, and moderator results

for H1, H2 and H4 in Tables 8-10.

4.7.1 Sensitivity Analysis: Main Effects

We conducted three-level meta-analytic models for all hypotheses to account for the

hierarchical structure of the data (i.e., multiple effect sizes nested within experiments and

studies) and followed this up with robust variance estimation (RVE). RVE was conducted

with the ‘clubSandwich’ R package (Pustejovsky & Tipton, 2018) to address potential

dependencies among effect sizes and provide small-sample corrections. All sensitivity

analyses showed the same pattern of results as the main effects two-level models as did

RVE measures.

H1. A three-level model was conducted to examine the overall effect, accounting for

dependencies among effect sizes nested within experiments and studies (k = 21 effects).

The overall effect was not statistically significant, g = –0.05, p = 0.35, CI [–0.15, 0.05].

The test for heterogeneity was also non-significant, Q(20) = 15.99, p = 0.72, indicating no

substantial variability in effect sizes beyond sampling error.

The robust variance estimator model showed no significant effect for restudy

(intercept = -0.05, SE = 0.05, t(19.1) = -1.04, p = 0.31), suggesting no impact on memory

performance.

H2. A three-level model was conducted to account for dependencies among effect

sizes nested within experiments and studies (k = 21 effects). The overall effect was

statistically significant, g = 0.37, p = 0.01, CI [0.09, 0.66]. Heterogeneity was significant,

Q(20) = 115.38, p < 0.001, suggesting substantial variability in effect sizes beyond

sampling error.

The robust variance estimator model for H2 indicated a significant effect for retrieval
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practice (intercept = 0.37, SE = 0.14, t(20) = 2.57, p = 0.02) on memory performance.

H3. A three-level model was conducted for H3 to account for dependencies among

effect sizes nested within experiments and studies (k = 21 effects). The overall effect was

significant, g = 0.45, p < 0.01, CI [0.19, 0.71]. The test for heterogeneity was significant,

Q(20) = 109.20, p < 0.001, indicating substantial variability across effect sizes beyond

chance.

The robust variance estimator model showed a significant positive effect of retrieval

practice (intercept = 0.449, SE = 0.13, t(20) = 3.38, p = 0.003) on memory performance.

H4. A three-level model was conducted for H4 with 23 effect sizes to account for

dependencies among multiple outcomes nested within experiments and studies. The overall

effect was non-significant, g = 0.08, p = 0.11, CI [-0.02, 0.18]. Although the point estimate

was positive, the confidence interval included zero, indicating no clear evidence for an

effect. The test for heterogeneity was not significant, Q(22) = 23.64, p = 0.37, suggesting

low variability in effect sizes.

The robust variance estimator model showed no significant effect (intercept = 0.08,

SE = 0.05, t(21.3) = 1.62, p = 0.12), indicating that stress did not significantly impact

memory performance under retrieval practice in this analysis.

4.7.2 Moderator Analyses

We conducted moderator analysis for H1, H2 and H4 in order to compare the effects

of the different moderating variables for each H. These results are presented in Tables 8-10.

We used a fixed-effects contrast and MetaForest to test if there is a meaningful

moderating effect between moderators. We found significant effect for short answer/facts

versus texts learning material in H1, as well as for short answer/facts versus word lists in

H4. We also found a significant moderating effect for a delay of 1 week versus 1 day in H2

and 2 days versus 1 week in H4.

Following suggestions received at Stage 2, we also ran Delay as a continuous

moderator. H2 showed a similar pattern of results as the categorical moderator and as H3.
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H1 and H4 did not show significant differences.

In H1, there was no significant effect of delay (QM = 0.52, p = 0.47), indicating

that length of delay did not predict differences in effect sizes, with minimal residual

heterogeneity (I2 = 1.02).

For H2, there was a significant effect of delay (QM = 10.32, p = 0.001), indicating

that memory performance increased with longer delays. Residual heterogeniety remained

high (I2 = 79%).

For H4, there was no significant effect of delay (QM = 1.89, p = 0.17), meaning

length of delay did not impact memory performance. Heterogeniety was minimal

(I2 = 1.04).
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4.7.3 Supplementary Figures
Table 6
List of included studies
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Figure 18
Forest plots for H1, H2, H4
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Note. Forest plots for H1, H2, and H4 (with their coded study and experiment number) with

their respective sample size, effect size (represented by the squares), weight, and 95% confidence

intervals. Larger squares indicate more weight in the random effects model. The x-axis represents

the standardized mean difference effect size (Hedges’ g), and the y-axis is each individual study.

RE model at the bottom represents the overall effect size and its 95% confidence interval using

the random-effects model. Article name (e.g., Pastötter 2020), followed by study number,

experiment number within the study, and sample number (e.g., Pastötter 2020 / 1 / 2 / 1).

Letters (e.g., “a”, “b”) indicate multiple studies within the same article.
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Table 7
Publication bias summary for H1, H2, H4
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Table 8
Moderator analysis for H1

Note. k = number of studies (i.e., number of effects); g = Hedge’s g effect size, CI = lower and

upper limits of 95% confidence interval, tau2 = tau squared value, I2 = I-squared value, * p <

.05, ** p < .01, *** p <.001, (all two-tailed); Q = Q statistic indicating heterogeneity (decimals

only reported if Q < 1), Diff = QM statistic, test of moderator effects showing any differences

between the moderators.
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Table 9
Moderator analysis for H2

Note. k = number of studies (i.e., number of effects); g = Hedge’s g effect size, CI = lower and

upper limits of 95% confidence interval, tau2 = tau squared value, I2 = I-squared value, * p <

.05, ** p < .01, *** p <.001, (all two-tailed); Q = Q statistic indicating heterogeneity (decimals

only reported if Q < 1), Diff = QM statistic, test of moderator effects showing any differences

between the moderators.
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Table 10
Moderator analysis for H4

Note. k = number of studies (i.e., number of effects); g = Hedge’s g effect size, CI = lower and

upper limits of 95% confidence interval, tau2 = tau squared value, I2 = I-squared value, * p <

.05, ** p < .01, *** p <.001, (all two-tailed); Q = Q statistic indicating heterogeneity (decimals

only reported if Q < 1), Diff = QM statistic, test of moderator effects showing any differences

between the moderators.
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5. Study 3: Does retrieval practice protect memory against the detrimental

effects of test anxiety?

5.1 Abstract

Test anxiety is characterized by acute stress and worry in evaluative situations and

leads to memory retrieval deficits. Retrieval practice is a learning strategy in which one

actively recalls information from memory and is consistently associated with memory

enhancements. Recent research suggests retrieval practice can reduce the negative effects of

stress on memory. Currently, no studies have investigated whether retrieval practice can

protect memory against test anxiety induction. The present study aims to investigate

whether learning with retrieval practice can overcome the detrimental effects of test

anxiety on memory. Participants learned two texts using a retrieval practice strategy for

one text and a restudy learning strategy for the second text in an online setting. One week

later, participants performed the recall session where they were instructed to recall as

many items as possible from both texts. Prior to memory recall, participants were

randomly placed in a test-like condition via evaluative, test anxiety-inducing instructions

(evaluative group) or a neutral testing condition via control instructions (control group).

Retrieval practice improved memory performance across both evaluative and control

conditions and remained effective regardless of participants’ anxiety levels. These findings

support the robustness of the testing effect in online settings and highlight retrieval

practice as a stable learning strategy across varying psychological contexts. Implications

for research-based learning interventions in educational settings are discussed.

5.2 Introduction

“I totally blanked during the test!” This is something we have all experienced at one

point or another. Test anxiety is a type of stressor that occurs during evaluative (i.e.,

testing) situations and leads to memory retrieval deficits (Cassady & Johnson, 2002;

Hembree, 1988; Vogel & Schwabe, 2016). While recent models suggest that these deficits
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could be due to the neurobiological stress response (Vogel & Schwabe, 2016), that may not

be the only explanation. For instance, earlier work has suggested that test anxiety-related

memory performance deficits might be attributed to poor study skills (Naveh-Benjamin

et al., 1981; Wittmaier, 1972). Evidence suggests that retrieval practice, one of the most

powerful learning strategies where learning material is retrieved from memory instead of

just re-studied (Roediger & Karpicke, 2006), protects memory from the detrimental effects

of stress (A. M. Smith et al., 2016) and is robust against test anxiety more generally (Yang

et al., 2020). However, up until now, the protective benefits of learning with retrieval

practice against stressors like test anxiety have not been examined in an experimental

setting. The current study endeavored to fill this gap by investigating whether learning

with retrieval practice can protect memory from the negative effects of test anxiety on

memory.

In educational settings, test anxiety is referred to as “academic stress” and occurs

during evaluative, or testing, situations (Cassady & Johnson, 2002). Test anxiety

encompasses a wide range of physiological and psychological symptoms, such as worry,

disruptive thoughts, racing heart, sweating, and rapid breathing, among others (Cassady &

Johnson, 2002; Hembree, 1988). Test anxiety has also been linked with a plethora of

unfavorable outcomes, including poor exam performance, decreased academic achievement,

poor memory and learning abilities, and increased vulnerability to other types of anxiety

disorders and stress (von der Embse et al., 2018). It is estimated that between 15-22% of

students experience high levels of test anxiety (Thomas et al., 2018), and between 10% and

40% of all students experience some level of test anxiety that can surface as early as age

seven (von der Embse et al., 2013). Recent estimates suggest that this number can go up

to 75% before an actual exam takes place (Thiriveedhi et al., 2023).

Our theoretical understanding of the psychological factors of test anxiety has

evolved over the last few decades. Early on, test anxiety was conceptualized through a

cognitive interference model, in which high degrees of emotionality and worry were thought
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to disrupt information recall (Liebert & Morris, 1967; Wine, 1971). Then, theorists, such

as Wittmaier (1972) and Culler and Holahan (1980), proposed a skills-deficits model. This

model supposes that students suffer from test anxiety because they do not employ effective

study habits during learning. At the same time, the information processing model was put

forth, positing that students have difficulties both in learning and organizing material (i.e.,

encoding) and retrieving it during test (Naveh-Benjamin et al., 1981).

More recent models have incorporated findings from the neurobiology of stress to

conceptualize test anxiety as a physiological stressor occurring in educational settings

(Vogel & Schwabe, 2016). When various classroom situations, such as difficult exams or

academic pressures, are perceived as threatening, they disrupt our body’s homeostasis,

leading us to feel stress (McEwen & Gianaros, 2011; Vogel & Schwabe, 2016). Stress

triggers a well-described neurobiological cascade in the body, comprising the fast-acting

autonomous nervous system (ANS) and the slower hypothalamus-pituitary-adrenal (HPA)

axis (Shields, Sazma, et al., 2017). These systems work together to produce changes in the

body and brain, which ultimately alter memory processes. Although the effects of stress on

memory vary depending on the timing of the stressor and the memory process investigated,

a wealth of evidence agrees that stress experienced prior to retrieval, called retrieval stress,

decreases memory (Gagnon et al., 2019a; Kuhlmann, Kirschbaum, & Wolf, 2005; Shields,

Sazma, et al., 2017; Vogel & Schwabe, 2016). Indeed, studies have found that increased

physiological stress reactions are associated with decreased exam performance (M. Cohen

& Khalaila, 2014; Schoofs et al., 2008).

Moreover, stress, including that experienced in relation to exams, has been

hypothesized to induce a shift in context-dependent memory processes (Shields, Sazma,

et al., 2017; Vogel & Schwabe, 2016). Context-dependent memory is the well-replicated

finding that items are better retrieved if the circumstances in which they were initially

learned are reinstated (S. M. Smith & Vela, 2001). These circumstances can be

manipulated externally to induce a disruption in context-dependent memory processes.
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Such external changes can include, for instance, when students go from being calm or

neutral to highly stressed because of an exam (A. M. Smith et al., 2019).

Context-dependent shifts have been shown to impair memory (Schwabe & Wolf,

2009; Shields, Sazma, et al., 2017). For example, Schwabe and Wolf (2009) exposed

participants to a stress induction or a control task prior to learning in a room scented with

vanilla. Participants then completed a memory test in either the same context (the room

scented with vanilla) or a different context (a different room with no vanilla scent). Results

revealed that stress impaired memory when it was learned in the different context, but it

did not impair memory in the same context. These findings suggest that stress creates a

context mismatch strong enough to impair memory when it is accompanied by an external

manipulation. Importantly, providing enough contextual support during retrieval (i.e., the

room scented with vanilla) alleviated this issue, suggesting that this impairment can be

overcome by providing enough contextual support.

Taken together, the evidence suggests that the psychological and physiological

mechanisms of stress in combination with poor learning strategies result in poor memory

performance. These factors together might further impair context-dependent processes,

which can be subverted if enough contextual information is provided. One potential way to

overcome the underlying issues of test anxiety is through strategies that address both the

poor learning strategies aspect and the stress aspect. For example, if test anxiety disrupts

study habits during learning, as proposed by the skills-deficits model and

information-process models, applying effective learning strategies could counteract the

detrimental effects of test anxiety on memory.

Retrieval practice is a learning strategy in which information is actively recalled

from memory, leading to the well-replicated memory-enhancement phenomenon known as

the testing effect (Roediger & Karpicke, 2006). Retrieval practice is robust across a wide

range of learning materials, school levels, and even in individuals with learning disabilities

(Rowland, 2014; Sumowski et al., 2010a). Retrieval practice is also more effective than
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commonly used learning strategies, such as re-reading, highlighting, and note-taking

(Moreira et al., 2019). Importantly, when these commonly used learning strategies are

employed by individuals with test anxiety as a way to alleviate the stressful symptoms of

test anxiety and improve performance (Lent & Russell, 1978), they fail to do either

(Huntley et al., 2019).

Retrieval practice is thought to increase memory for learned items during encoding

through contextual reinstatement mechanisms, which strengthens memory traces

continually at each retrieval (Karpicke, 2017; Lehman et al., 2014). Similarly, retrieval

practice may enhance memory because it creates a match between the conditions of

retrieval and the conditions of the eventual test (Morris et al., 1977; Veltre et al., 2015).

Because retrieval practice might create equivalent conditions between learning and recall,

and may further increase contextual cues available to participants at test, it might help

avoid a potential stress-induced shift in context-dependent memory. This would mean that

memory does not get impaired due to stress. Additionally, retrieval practice is shown to

improve memory performance in the classroom, where test anxiety is most likely to affect

learners, to a medium extent (Yang, Li, et al., 2023), indicating that there is good reason

to believe it protects memory against the detrimental effects of test anxiety on memory.

This protective factor of retrieval practice against the detrimental effects of acute

stress on memory was exemplified in A. M. Smith et al. (2016). In their study, participants

learned word lists with both a retrieval practice and a restudy strategy. One day later, one

group of participants underwent a laboratory-based stress induction procedure prior to

memory retrieval, and another group underwent a non-stressful control procedure prior to

retrieval. Results showed that despite being stressed, which led to a decrease in memory

retrieval in the control group, participants who learned with retrieval practice showed

better memory than non-stressed participants who also learned with retrieval practice. In

other words, retrieval practice protected memory against the negative effects of stress on

memory.
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However, other evidence on the protective benefit of retrieval practice against test

anxiety is scarce and mixed. First, researchers surveyed 1408 middle and high school

students about their reactions to a larger retrieval practice-based intervention that had

been ongoing for several years (Agarwal et al., 2012). The surveyed students engaged in

frequent, low or no-stakes retrieval practice through classroom-based tests and quizzes,

primarily administered via clicker response systems with immediate feedback. Importantly,

72% of students reported feeling less test anxiety following the use of retrieval practice in

the classroom, suggesting that using this strategy makes students feel less nervous about

upcoming exams (Agarwal, D’Antonio, Roediger III, et al., 2014). At the same time,

correlational evidence suggests a weak relationship between using retrieval practice and

self-reported test anxiety (Tse & Pu, 2012; Yang et al., 2020). Taken together, these

studies suggest that while retrieval practice may reduce feelings of test anxiety, it remains

unclear whether this translates into better memory performance under test-related stress.

The goal of the current study was to fill this gap by investigating whether learning

with retrieval practice can protect memory from the negative effects of test anxiety on

memory. Test anxiety was induced in one group of participants via a set of evaluative

instructions (evaluative group) and a second group served as the control with

non-evaluative instructions. In Part 1, both groups learned with both retrieval practice and

restudy prior to undergoing retrieval stress via the instructions in Part 2 one week later.

State anxiety was measured throughout the study, as well as trait anxiety, general anxiety,

and depression at the end.

In the present study, we formulated three hypotheses. First, we hypothesized that

participants will demonstrate better memory performance for the learned text learned with

retrieval practice compared to the one learned with restudy, replicating the established

testing effect (Roediger & Karpicke, 2006). Second, since we induce test anxiety in the

evaluative group through the instructions, we expected higher levels of state anxiety in the

evaluative group relative to the control after reading the instructions. Third, because
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evidence suggests that retrieval practice may reduce the detrimental effects of acute stress

on memory (A. M. Smith et al., 2016), we expected memory performance to be higher in

the evaluative group compared to the control group for the text learned with retrieval

practice versus restudy. Finally, we explored whether the differential effects of retrieval

practice on memory performance in evaluative situations are specifically related to

trait-test anxiety or if they extend to general anxiety.

5.3 Method

This study was pre-registered on Open Science Framework (OSF link:

https://osf.io/68aw5). All analysis scripts and data are available in the OSF repository

(https://osf.io/aefy4/?view_only=).

5.3.1 Participants

A total of N = 280 university students participated in the study. French and

German-speaking participants were recruited from the UniDistance Suisse online

participant pool and the University of Geneva’s bachelor’s course Psychology of Cognitive

Aging. Participants were healthy volunteers without severe depression and were

remunerated with course credits. A total of 74 participants were excluded for the following

reasons: having an incomplete dataset (e.g., abandoning the study in the middle of the

experiment, N = 49); not returning for part 2 or completing the experiment on the wrong

day (N = 13); having a learning, cognitive, or attention disorder (N = 8); having a time

lapse of more than 30 minutes on either session during the study (N = 2); and not

providing written responses during the recall task (N = 2). The current analyses were

performed on N = 206 (Mean age = 33.72, SD = 13.83, N = 35 male), with N = 99

participants randomly assigned to the evaluative condition and N = 107 participants

randomly assigned to the control condition. Of these participants, N = 167 performed the

study online (N evaluative condition = 79), and N = 39 performed the study in an

in-person laboratory setting (N evaluative condition = 20). The experiment was performed

in exactly the same way (i.e., performed online on the computer) for both the lab sample

https://osf.io/aefy4/?view_only=
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and the online sample, except that the lab sample completed the task in a laboratory

setting with the experimenter in the room. Ethics approval was obtained from both

UniDistance Suisse (Approval #2021-12-00002) and the University of Geneva (Approval

#2022-12-138).

5.3.2 Materials

Learning Materials. The learning materials consisted of two educational reading

texts used in previous studies titled “The Sun” and “Sea Otters” (Emmerdinger &

Kuhbandner, 2019; Roediger & Karpicke, 2006). The texts consisted of 249 and 267 words,

respectively. The German versions of both texts were taken from Emmerdinger and

Kuhbandner (2019). As no French translation of the texts is currently known to exist, the

texts were translated into French by the authors of this paper. Each text contains 30 idea

units according to the scoring rubric used in previous work (Roediger & Karpicke, 2006).

Raven’s Progressive Matrices. Raven’s Standard Progressive Matrices (Raven,

1941) and Raven’s Advanced Progressive Matrices (Raven, 1965) were used as the matrix

task for both groups. Both the standard and advanced matrices were used in order to

ensure that the items were challenging enough.

Questionnaires. Test anxiety was measured using two different questionnaires: the

Cognitive Test Anxiety Scale (CTAS, see Cassady & Johnson, 2002, for the English version

and Stefan et al., 2020, for the German version) and the Test Anxiety Inventory (TAI, see

Spielberger, 1980, for the original English version and Ringeisen et al., 2010, for the

German version). The CTAS (Cassady & Johnson, 2002; Stefan et al., 2020) consists of 27

statements measuring test anxiety on a scale of 1 ("not at all like me") to 4 ("very typical of

me"). The TAI (Ringeisen et al., 2010) consists of 21 items on a scale of 1 ("almost never")

to 4 ("almost always"). Each questionnaire was scored according to its standard scoring

criteria. Both test anxiety questionnaires were translated into French by the authors.

Both state and trait anxiety were measured using the State-Trait Anxiety Inventory

(STAI, see Spielberger, 1970). We used the validated French version from Gauthier and
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Bouchard (1993) and the validated German version from Grimm (2009). This

questionnaire contains 40 items, with 20 items measuring state anxiety and 20 items

measuring trait anxiety. The state anxiety questionnaire measures anxiety felt in the

current moment on a scale of 1 ("almost never") to 8 ("almost always"), while the trait

anxiety questionnaire measures anxiety felt in general on a scale of 1 ("almost never") to 8

("almost always"). State anxiety was measured at six time points throughout both sessions,

resulting in six different state anxiety scores. The trait anxiety items were measured only

once at the end of the study, resulting in a single trait anxiety score. The items were scored

by reverse-coding answers on certain questions and adding them together to obtain the

total. Each questionnaire was scored according to its standard scoring criteria.

General anxiety was measured via the Generalized Anxiety Diagnostic (GAD, see

Micoulaud-Franchi et al., 2016, for the French version and Spitzer et al., 2006, for the

English and German versions). The GAD is a seven-item questionnaire measuring one’s

propensity to generalized anxiety disorder over the last two weeks on a scale of 0 ("not at

all") to 3 ("nearly every day"). The GAD is scored by adding the total scores for the seven

questions (Micoulaud-Franchi et al., 2016; Spitzer et al., 2006).

Depression was measured via the Beck Depression Inventory II (BDI, see Beck et

al., 1996, for the English and French versions and Hautzinger et al., 2006 for the German

version). The BDI is a 21-item questionnaire that measures one’s depressive symptoms over

the last two weeks. The BDI was scored based on standard scoring criteria. Participants

with BDI scores representing severe depression (BDI > 29) were excluded in order to avoid

co-morbidities with other disorders (Beck et al., 1996; Hautzinger et al., 2006).

5.3.3 Design and Power Analysis

This study followed a 2 x 2 mixed factorial design. The within-subject factor was

Strategy (retrieval practice vs. restudy), and the between-subject factor was Instruction

(evaluative vs. control). The dependent variable was memory performance, measured by

accurately recalling idea units from both educational reading texts. Test anxiety, trait
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anxiety, and general anxiety were covariates.

A-priori power analysis and effect size estimation were based on the

recommendations from the field (Brysbaert, 2019). To observe an interaction between two

variables assuming an effect of d = 0.4 and an alpha level of 0.05 with 80% power, a

minimum of 200 participants was required.

5.3.4 Procedure

The procedure was identical for the participants who completed the study online

and those who were tested in the laboratory. Participants received the link to the online

experiment and a personalized code that they had to type in on the first page to begin the

experiment. At the beginning of Part 1, which was the learning session, the participants

first provided their informed consent. They then responded to basic demographic questions

(i.e., age, gender, and neurological disorders) and filled out the STAI.

During the learning session, participants read both texts for 7 minutes each,

separated by a 1-minute distractor math task. After a longer distractor math task of 5

minutes, participants engaged in both restudy and retrieval practice learning strategies.

This paradigm is similar to the one reported in Roediger and Karpicke (2006), except for

the following differences, which were implemented due to the online nature of the current

study. First, in order to tally the number of times each text was read, the participants

clicked a button on the screen each time they finished reading the text during the initial

learning phase and during the restudy learning strategy. Second, participants recorded

their responses by typing them into a text box rather than writing them on paper. Third,

the 7 minute timer was measured by a countdown clock on the screen rather than a

physical timer. In the restudy strategy, participants simply re-read one of the texts for 7

minutes. In the retrieval practice strategy, they were instructed to recall as much

information from the other text as they could remember for 7 minutes by typing the

information into the text box on the screen.

One week after the learning session, participants returned for Part 2, the recall
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session. Participants were given either an evaluative or a control set of instructions

(available on OSF and in Supplementary). The participants in the evaluative group were

told that the relationship between their intelligence and memory abilities would be assessed

via an IQ test and a memory test. This instruction emphasized that the task would

evaluate their personal abilities, which is a socio-evaluative manipulation known to lead to

stress (Almazrouei et al., 2022). The word “test” was repeated throughout the study in

order to convey a sense of pressure and high stakes, which are also known to increase stress

(Hinze & Rapp, 2014). In the control group, the participants were told that they would

perform a puzzle task and a memory task. They were also told to simply try their best and

not worry if the task was difficult for them. After reading the critical instructions, the

participants filled out the STAI to measure their in-the-moment anxiety levels. Then, they

engaged in Raven’s Standard Progressive Matrices (Raven, 1938, 1962) and Raven’s

Advanced Progressive Matrices (Raven, 1965) for 20 minutes.

After performing the matrix task, participants filled out the STAI again and

completed the memory recall task. During memory recall, they were asked to type in as

many ideas or phrases they could recall from the texts learned in the learning session

during the 7 minutes for each text. Because the experimental manipulation hinged on the

successful comprehension of the instruction sets, we implemented a sanity check at the

beginning of the recall task to ensure that the participants had read the instructions

carefully. Specifically, participants were asked to press “w” instead of the "Space" bar to

continue through to the experiment, although they could still continue if they pressed the

Space bar.

At the end of both the learning and recall tasks, participants were asked to measure

their heart rates via a pulse-counting task performed by the participants themselves

(Laskowski, 2018). They were instructed to extend their left arm, place the second and

third fingers of their right hand on their left wrist, and to gently press on their left wrist

below the thumb until they could feel their pulse. They counted the number of times they
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felt their pulse during a 15-second countdown window. After the 15-second window, the

participants typed in the number of times they felt their pulse while counting and

responded to two follow-up questions. In the first question, they were asked to rate how

certain they were of their response on a scale of 1 ("not at all") to 5 ("very certain"). In the

second question, they rated how difficult the task was for them on a scale of 1 ("not hard at

all") to 5 ("very hard").

The presentation order of the learning material and the assignment of texts to each

learning strategy were counterbalanced across the participants. To ensure consistency, the

text that was read first was kept constant for each participant across both learning and

recall sessions.

5.3.5 Reliability and Coding

Reliability. Reliability measures were calculated for the responses to each of the

questionnaires (CTAS, TAI, Trait Anxiety, and GAD). The R package corrplot (Wei et al.,

2017) was used to calculate pairwise Pearson correlation coefficients between the

questionnaire response scores. The coefficients were then visualized in a color-coded

correlation matrix to examine the relationships between the questionnaire responses and to

identify potential sources of redundancy or ambiguity.

Idea units coding. Participants’ retrieval practice responses in the learning and

recall sessions were coded according to the scoring rubric used in previous work (Roediger

& Karpicke, 2006). Each text contained a maximum of 30 idea units, representing the

amount of successfully recalled items from each text. In the recall session, each participant

produced two retrieval practice responses, one for each text learned in Part 1. Each

participant’s retrieval practice responses were first translated into English using DeepL so

the main investigator (MM) could understand them, and then they were coded by labeling

the successfully recalled idea units. This coding process also enhanced the study’s

reproducibility by making it easier for other researchers to accurately compare and

replicate results. The accurately recalled idea units were then added up and converted into
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proportions to obtain an overall memory performance score.

To establish inter-rater reliability (IRR) of the idea units coding scheme, a second

rater independently coded a subset of 40 participant responses using the same procedure.

Both raters then discussed the rating criteria and underwent several rounds of deliberations

to discuss any discrepancies in their ratings. IRR was calculated using Pearson correlation

before and after the rater deliberations (Sedgwick, 2012).

5.3.6 Pre-registered Data Processing

In our pre-registration, we first planned to perform sanity checks on the data to

ensure that we only included participants who followed the instructions. Because our

experiment relied on careful reading of the instructions, we limited our initial analyses to

participants who pressed the w key instead of the Space bar during Part 2 of the study.

However, we later also included the responses from those who pressed Space (see

"Deviations from pre-registration" section).

We then checked that participants’ retrieval practice responses were adequate (i.e.,

were completed and not left blank). We also verified that they had performed Part 1 and

Part 2 of the studies on the designated dates for which they were registered to participate,

as Part 2 had to be completed exactly one week after Part 1. Those who completed the

study +/- 1 day within the week were included (see "Deviations from pre-registration"

section).

Next, we ensured that participants did not report engaging in behaviors that gave

them an advantage over other participants in remembering the texts, like copying down the

texts or taking photos of them during either part of the study. Additionally, we verified

that the participants performed all parts of both sessions and that the data were complete

and did not have any significant (>30 minutes) time lags at any point during the study.

5.3.7 Pre-registered Main Analyses

The full planned analyses for this study can be found on OSF

(https://osf.io/68aw5). Deviations from our pre-registered analysis plan are reported
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transparently in the results section.

Memory performance was assessed using a 2 (strategy: retrieval practice vs.

restudy) x 2 (instruction: evaluative vs. control) mixed-design analysis of variance

(ANOVA) to determine the effect of Strategy (within-subject factor) and Instruction

(between-subject factor) on memory performance. We conducted post-hoc pairwise

comparisons to examine significant interactions.

To investigate the role of test anxiety and generalized anxiety on memory

performance, we added the test anxiety scores as the covariate in a 2 x 2 mixed model

analysis of covariance (ANCOVA). To test the robustness of the results, we conducted a

multiverse approach and used the scores from the CTAS in a first analysis and the TAI in a

second analysis. This analysis was then repeated with the Trait Anxiety and GAD scores

as covariates in the ANCOVA.

To confirm the effectiveness of the experimental manipulation, we investigated the

effect of the evaluative and control instructions on state anxiety scores measured by the

STAI. In the learning session, we performed a 2 (instruction: evaluative vs. control) x 2

(state anxiety time point measurement: before reading text 1 and after performing the

second learning strategy) mixed-design ANOVA. In the recall session, we performed a 2

(instruction: evaluative vs. control) x 4 (state anxiety time point measurement: after

instructions, after the matrix task, after memory recall task 1, and after memory recall

task 2) mixed-design ANOVA. We also investigated how test anxiety was induced via our

physiological proxy (i.e., the heart rate measurements) by performing a 2 (instruction:

evaluative vs. control) x 2 (session: learning vs. recall) mixed-design ANOVA. Because

heart rate cannot be assessed directly, we acknowledge that the results of all heart rate

analyses should be interpreted with caution.

As a follow-up, we performed a sensitivity analysis of memory performance using an

extreme groups approach to ensure that our results were not due to poor induction of the

evaluative context. To do this, we repeated the memory performance ANOVA after
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including the participants from the evaluative group who had a high score on the STAI

(i.e., the upper quartile for that group) and the participants from the control group with a

low score on the STAI (i.e., the lower quartile for that group).

We checked for and reported all major assumptions made in the ANOVAs (i.e.,

normality and homogeneity of variances and covariances). For all the analyses, we used the

standard p < 0.05 criteria for determining significant differences. The effect sizes for the

main effects and interactions in our statistical models are reported as partial eta-squared

(η2
p), with standard interpretations for small (η2

p = 0.01), medium (η2
p = 0.06), and large

(η2
p = 0.14) effects. The effect sizes for the post-hoc t-tests are reported as Cohen’s d, with

the standard effect size interpretations for small (d = 0.2), medium (d = 0.5), and large (d

= 0.8) effects (J. Cohen, 1988).

Outliers in the memory performance and pulse-counting tasks were identified by

establishing an initial cut-off of 3 standard deviations from the mean, followed by 2.5, 2,

1.5, and 1 standard deviations. To examine the robustness of the findings, the memory

performance and heart rate analyses were rerun with each of the outlier cut-offs. For the

pulse-counting task, any physically unrealistic values (i.e., BPM < 20 or > 400) were

removed. See the pre-registration for the full list of exclusion criteria

(https://osf.io/aefy4/?view_only=).

5.4 Deviations from Pre-Registration

We deviated from the pre-registration by incorporating an in-lab validation sample.

Although we originally planned to collect all the data online, difficulties in recruiting online

participants led us to incorporate additional in-lab data collection. This change in our

methodology provided an opportunity to compare the results between the online and lab

samples. This also led to the addition of a third factor for Sample (online vs. lab) in our

initial ANOVAs and ANCOVAs.

Additionally, we initially planned to analyze the results from only the participants

who pressed w in Part 2 of the study, which implied that the sample only included those

https://osf.io/aefy4/?view_only=
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who read the instructions carefully. To avoid losing valid data, we compared the responses

from the w group with those who pressed the Space bar instead of w in the recall session.

The results revealed similar patterns in the responses from both the w and Space groups,

suggesting that there were no differences whether participants pressed w or not (see

Supplementary). Therefore, we applied a second deviation from the pre-registration by

merging these participants into the full sample and analyzing them together.

We also initially planned to exclude participants who completed the study on the

wrong date. To avoid losing more quality data, we applied a third deviation by extending

this cut-off to include participants who completed the experiment +/- 1 day from the

appointed dates after ensuring that their data met all other inclusion criteria.

Lastly, we examined the relationship between test anxiety and the testing effect.

More specifically, we examined how the test anxiety scores were related to the testing effect

across different groups and samples by conducting exploratory analyses using a linear

regression model.

5.5 Results

The preparatory analyses, including reliability, coding and the number of times each

text was read, are presented in Appendix I. In the results section, we present our findings

with the inclusion of the third factor, Sample (online vs. lab). This factor was added to the

study to examine the potential differences in the participants’ responses between the online

and lab setting. Additional results for the online versus lab sample are presented in

Appendix II. The results from the full sample excluding the Sample factor are presented in

Appendix III. Reference tables for the full ANOVA/ANCOVA main effects and interaction

results are provided unless the results are summarized directly in the text.

The Shapiro-Wilk test indicated a significant departure from normality (p > 0.05).

Given the potential limitations of this test (Field, 2013), skewness and kurtosis statistics

were examined for both the full sample and the online versus lab sample. These statistics

revealed a slight positive skewness (0.36) and peakedness similar to a normal distribution
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(Kurtosis value 2.59). Subsequent visual inspection of QQ plots confirmed the approximate

normality of the data. Further tests for normality, including Levene’s Test (homogeneity of

variances) and Box’s M (homogeneity of covariances), supported the parametricity of the

data without violating any assumptions (p > 0.05 for all analyses).

5.5.1 Memory Performance

Descriptive statistics of memory performance, presented as the proportion of

accurately recalled idea units, are shown in Figure 19. To examine memory performance,

we performed a 2 (strategy: retrieval practice vs. restudy, within-subject factor) x 2

(instruction: evaluative vs. control, between-subject factor) x 2 (sample: online vs. lab,

between-subject factor) mixed-design ANOVA (Table 11). The results revealed a

significant main effect of Sample (F (1, 202) = 8.05, p = 0.005, η2
p = 0.04), indicating that

memory performance was higher in the online sample than in the lab sample (Cohen’s d =

0.25, 95 % CI [0.06, 0.45]).

This ANOVA also revealed a significant main effect of Strategy on memory

performance (F (1, 202) = 17.56, p < 0.01, η2
p = 0.08), indicating that participants had

higher scores when they used retrieval practice instead of restudy (Cohen’s d = 0.31, 95%

CI [0.11, 0.50]). No other main effects or interactions were observed (Table 11). Rerunning

the ANOVA with the trimming procedure also showed significant effects of Sample and

Strategy on memory performance (see Appendix II). This significant effect of Strategy was

also seen in the full sample (see Appendix III).
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Figure 19
Memory performance in the evaluative and control groups across online and lab samples

Note. The x-axis represents learning strategy, retrieval practice (RP), and restudy (RS). The

y-axis represents the proportions of idea units. Ctr is the control group, and Evl is the evaluative

group. The black line in the center is the average, and the white box denotes the standard errors

(SE). The grey dots represent individual data points.
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Table 11
Summary of ANOVA for memory performance in the online versus lab sample

Note. The table shows the results of the memory performance ANOVA in the online versus lab

sample, with a significant effect of Strategy and Sample indicated by the "*". F -values, p-values,

and η2
p values are also reported.

5.5.2 Memory Performance and Anxiety

To investigate the role of test anxiety and generalized anxiety on memory

performance, we added the test anxiety and anxiety scores as the covariates in a 2 x 2 x 2

ANCOVA, which was rerun with the results of each anxiety questionnaire. We detected

violations of assumptions related to interactions between the grouping variables and the

covariates. To address this issue, we implemented a centering procedure, consisting of

subtracting the mean of the covariate from each individual score, which aims to reduce

multicollinearity and enhance the interpretability of the regression coefficients (Schneider

et al., 2015).

The results of all covariates for the four different anxiety questionnaires are

summarized in Table 12 for both the online versus lab and the full samples. The CTAS and

Trait Anxiety covariates were marginally significant (p = 0.06 and p = 0.05) in the online

versus lab sample. Both test anxiety measures (CTAS and TAI) and Trait Anxiety

emerged as significant predictors in the full sample (p′s < 0.01).

Sample was a significant predictor of memory performance in the online versus lab
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sample, mirroring the main 2 x 2 x 2 ANOVA on memory performance. All ANCOVAs for

both the online versus lab and full samples showed significant effects of Strategy, mirroring

the main memory performance ANOVAs for both samples. Across all ANCOVAs, the

consistently small effect sizes suggested that the covariates had limited impact on memory

performance (see Appendix II and III for the full ANCOVA results for the online versus lab

and full samples).

Table 12
Summary of ANCOVA results for covariates in the online versus lab sample and the full
sample

Note. The table shows the results for the covariates in both the online versus lab and full

samples. CTAS, TAI and Trait Anxiety were significant in the full sample, indicated by the "*"

next to the covariates. CTAS and Trait Anxiety were marginally significant in the online versus

lab sample, indicated by the "+." F -values, p-values, and η2
p values are also reported.

Interestingly, our exploratory analyses using linear regression revealed a positive

relationship between the testing effect and having higher levels of test anxiety in the

evaluative group of the lab sample (Figure 20). This pattern remained consistent for both

CTAS and TAI, with the exception of the lab sample in the control group for CTAS where

the relationship was slightly negative and for the control group lab sample for TAI where

the relationship was positive. No differences, or slightly negative relationships, were

observed in the online samples for both CTAS and TAI. This analysis did not reveal any
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significant patterns in the full sample (see Appendix III).

Figure 20
Testing effect as a function of test anxiety, group, and sample in the online versus lab
sample

Note. The x-axis represents the scores from the CTAS and TAI questionnaires. The y-axis

represents the testing effect, calculated as the difference in the recalled idea units between the

retrieval practice and restudy conditions. Ctr is the control group, and Evl is the evaluative

group. The lines in the graph are regression lines, representing the relationship among the dots

for the lab and online samples. The colored dots represent individual data points. We expected a

positive relationship between the testing effect and test anxiety in the evaluative group, such that

a higher testing effect would be accompanied by higher levels of test anxiety because retrieval

practice would have a protective role in these situations.

5.5.3 State Anxiety

To examine the effect of the instructions to induce test anxiety during the recall

session, we conducted a 2 (instruction: evaluative vs. control, between-subject factor) x 2

(sample: online vs. lab, between-subject factor) x 4 (task: STAI1, STAI2, STAI3, and

STAI4, within-subject factor) mixed-design ANOVA (see Figure 21 for descriptive

statistics). The results revealed numerically higher levels of state anxiety in the evaluative

group in the lab sample, but this difference was not statistically significant compared to

the control group (p = 0.08, Cohen’s d = 0.17, 95% CI [-0.02, 0.36]). No other main effects

or interactions were observed (Table 13).

In the full sample, the same analysis showed a main effect for Task. In this case,
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participants in both groups were more stressed at time points 2 and 3 compared to time

point 1 (see Appendix III).

Figure 21
State anxiety levels during recall sessions in the online versus lab sample

Note. The x-axis represents STAI1, STAI2, STAI3, and STAI4, which are the time points when

state anxiety was measured during the recall session (i.e., after reading the instructions, after

Raven’s matrices or the puzzle task, after memory test 1, and after memory test 2). The y-axis

represents the state anxiety scores. Ctr is the control group, and Evl is the evaluative group. The

black line in the center is the average, and the white box denotes the standard errors (SE). The

grey dots represent individual data points.
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To check whether participants in the evaluative and control groups experienced

similar stress levels during the initial learning session, we then performed a 2 (instruction:

evaluative vs. control, between-subject factor) x 2 (task: before reading text 1 and after

performing the second learning strategy, within-subject factor) x 2 (sample: online vs. lab,

between-subject factor) mixed-design ANOVA. The results revealed a significant main

effect of Sample (F (1, 201) = 4.91, p = 0.03, η2
p = 0.02), showing that the participants in

the lab sample had higher STAI scores (M= 67.1, SE= 3.50) in Part 1 of the study than

the online sample (M= 58.5, SE = 1.70, Cohen’s d = 0.20, 95% CI [0.004, 0.39]). There

were no other main effects or interactions (Table 14).

Table 13
Summary of ANOVA results for STAI scores during the recall session in the online versus
lab sample

Note. The table shows the results from the state anxiety ANOVA in the online versus lab sample

in the recall session. Instruction was marginally significant, indicated by the "+." F -values,

p-values, and η2
p values are also reported. One participant was excluded from this analysis due to

technical reasons.
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Table 14
Summary of ANOVA results for baseline STAI scores in the online versus lab sample

Note. The table shows the results from the state anxiety ANOVA in the online versus lab sample

during the learning session, with a significant effect of Sample, indicated by the "*". F -values,

p-values, and η2
p values are also reported. One participant was excluded from this analysis due to

technical reasons.

5.5.4 Heart Rate

To investigate how test anxiety was induced via our physiological proxy, heart rate

was analyzed using a 2 (instruction: evaluative vs. control, between-subject factor) x 2

(session: learning vs. recall, within-subject factor) x 2 (sample: online vs. lab,

between-subject factor) mixed-design ANOVA (see Appendix II for descriptive statistics).

Any physically unlikely values (BPM < 20 or > 400) were excluded. This analysis did not

reveal any significant main effects or interactions (Table 15).

Rerunning this ANOVA with the trimming procedure revealed significant differences

for Sample in all standard deviation cut-offs (see Appendix II). Marginal significance was

seen for the Sample by Session interaction (p = 0.05) in the 1 standard deviation cut-off.

Given that the sample sizes of the trimmed dataset was smaller and the heart rate measure

was not our primary variable of interest, we remained cautious and refrained from

interpreting these results further and drawing conclusions from them.
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Table 15
Summary of ANOVA results for heart rate in the online versus lab sample

Note. The table shows the results from the heart rate ANOVA in the online versus lab sample,

where no significant main effects or interactions were observed. F -values, p-values, and η2
p values

are also reported. One participant was excluded from this analysis due to technical reasons.

5.5.5 Extreme Groups

Since we did not observe a significant interaction between Instruction and Strategy

in our ANOVA of memory performance (Table 11), we investigated whether this could be

because the evaluative context was not well-induced. To examine this, we used an extreme

group approach. We repeated the 2 x 2 x 2 memory performance ANOVA by including

participants in the evaluative group with a high score on the STAI (i.e., the upper quartile)

and participants in the control group with a low score on the STAI (i.e., lower quartile).

This analysis mirrored the main 2 x 2 x 2 ANOVA and showed a marginal main effect for

Sample (F (1, 68) = 4.01, p = 0.049, η2
p = 0.06), indicating that the online sample performed

better than the lab sample (Cohen’s d = 0.31, 95% CI [-0.20, 0.65]). This ANOVA also

showed a main effect for Strategy (F (1, 68) = 4.34, p = 0.04, η2
p = 0.06), indicating higher

scores for the text learned with retrieval practice (Cohen’s d = 0.27, 95 % CI [-0.07, 0.61]).

5.6 Discussion

The current study investigated whether learning with retrieval practice can protect

memory against the detrimental effects of stressors like test anxiety. We found that
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retrieval practice consistently benefits memory more than restudy over the long-term,

replicating the testing effect (McDaniel et al., 2007; Roediger & Karpicke, 2006; Rowland,

2014; Schwieren et al., 2017) and confirming our first hypothesis. Previous studies have

largely used pen-and-paper approaches or computerized tests to examine the testing effect

in educational settings (Agarwal et al., 2012; Butler et al., 2014; Cadaret & Yates, 2018;

Roediger & Butler, 2011; Rowland, 2014; Yang et al., 2018). To our knowledge, this makes

the current study the first to replicate the testing effect using a fully online design. This

finding is crucial because it suggests that the testing effect is robust despite today’s rapidly

evolving digital landscape. This not only expands the validity of the testing effect but also

highlights the effectiveness of retrieval practice in modern online learning environments.

In Part 2 of the study, participants in the full sample reported higher stress levels in

both the evaluative and control groups after completing the matrix task and after the first

memory test compared to right after reading the instructions. Previous studies have shown

that tasks like Raven’s Matrices can elicit higher levels of anxiety on their own, especially if

the tasks are timed (Gonthier, 2023; Kumari & Corr, 1998). This suggests that the

matrices were effective enough to trigger stress regardless of whether the tasks were framed

as an IQ test or a puzzle task. Thus, it is possible that the matrices’ difficulty and

associated cognitive load contributed to the increased STAI scores in both evaluative and

control groups, independent of the evaluative or neutral instructions.

Participants in the evaluative group showed numerically higher, although

non-significant (p = 0.08), STAI ratings than those in the control group in the lab setting,

suggesting a potential effect of the instruction manipulation in the in-person setting. This

means that the evaluative instructions were perhaps not strong enough to elicit

considerable differences in this group and points to the need for future research to optimize

instruction-based stress induction methods.

Participants in the lab reported significantly higher baseline stress levels compared

to the online sample, possibly due to the social component that is present in this setting.
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This aligns with our current understanding that stressor efficacy depends on the intensity

of the stressor and its relevance, which can be amplified by the physical proximity of the

participant to the stressor (Brosch et al., 2010; Dickerson & Kemeny, 2004; Sakaki et al.,

2012). Even without formally inducing test anxiety in Part 1, the lab setting itself may

have elevated the participants’ stress levels nonetheless. These findings suggest that the lab

environment alone could increase stress levels, potentially impacting performance, and begs

the question of whether some tasks like stress induction are more effective in in-person

settings.

We expected that learning with retrieval practice would counteract the detrimental

effects of test anxiety on memory (i.e., memory performance would be higher in the

evaluative group compared to the control group for the text learned with retrieval practice

versus restudy), but this effect was not seen overall. Thus, the current findings do not

provide sufficient evidence that retrieval practice protects memory against test anxiety,

thereby not confirming our third hypothesis and not replicating the study by A. M. Smith

et al. (2016). One possible reason for this is that our test anxiety manipulation may not

have been intense or prolonged enough to trigger high stress and impair memory retrieval.

In A. M. Smith et al. (2016), the TSST procedure lasted a total of around 6 minutes (i.e.,

giving speeches and solving math problems in front of others) and was accompanied by

higher levels of cortisol in the stress group. In other studies, stress procedures lasted more

than 1h, including pre- and post-procedure wait times (Birkett, 2011; Dickerson &

Kemeny, 2004). In contrast, our study featured a brief anxiety exposure throughout the

study, which focused on the evaluative component rather than negative judgment.

Additionally, self-reported stress levels remained in the low range, suggesting that stress

was likely insufficient to cause memory impairment. As a result, the amount of stress

exposure in the current study may not have provided an opportunity for the stress

response to be triggered and therefore, for retrieval practice to exert a protective influence.

In the follow-up extreme groups analysis, the online sample performed marginally
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better than the lab sample, mirroring the main ANOVA on memory performance. This

could be due to reduced social evaluative pressure in online settings, which may benefit

performance when the participants are under stress (Dickerson & Kemeny, 2004;

von der Embse et al., 2018). Additionally, retrieval practice again outperformed restudy in

this analysis, demonstrating its benefit regardless of the testing environment, instruction,

or anxiety level. Concurrently, the exploratory regression analysis indicated that the

testing effect increased as test anxiety scores rose, particularly in evaluative lab-based

settings. This finding could mean that retrieval practice may be especially beneficial for

individuals who experience high test anxiety and in in-person testing conditions. This

exploratory result also hints that retrieval practice may serve a buffering role in

high-anxiety situations, though it should be interpreted cautiously due to the absence of

significant interaction effects in the main analyses.

In terms of covariates, our study found that test anxiety and trait anxiety were

significant predictors of memory performance when all other variables were held constant

in the full sample. Test anxiety as measured by the CTAS questionnaire and trait anxiety

also saw marginal significance in the online versus lab sample. This aligns with established

findings in the literature showing that test anxiety and varying levels of trait anxiety

influence memory (Cassady, 2004; Eysenck et al., 2007a). Yet, across all ANCOVA

analyses, retrieval practice continued to outperform restudy when all other variables were

held constant. This suggests that its benefits may be partially independent of anxiety. Our

observations in this regard agree with the findings by Yang and colleagues (2020), who

found that retrieval practice is minimally affected by factors like test anxiety, and is in line

with the episodic context theory (Lehman et al., 2014).

At the same time, stressors like test anxiety may not always result in memory

performance deficits. For example, Jerrim (2023) did not find a clear link between test

anxiety and grade outcomes, and Sommer and Arendasy (2015) also did not find a causal

relationship between test anxiety and performance in high-stakes contexts. Similarly,
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Howard (2020) suggested that, after accounting for ability, elevated levels of test anxiety

only lead to minor performance declines. One speculative explanation could be related to

the Yerkes-Dodson Law, which posits that moderate arousal can improve performance, but

excessive anxiety diminishes it (Yerkes, Dodson, et al., 1908). Although test anxiety does

not always correspond to physiological arousal (Leininger & Skeel, 2012), moderate anxiety

may still enhance performance, as observed in the inverted-U relationship between

statistics anxiety and exam performance in Keeley et al. (2008). Participants in our study

may also have experienced this optimal arousal, potentially improving cognitive

performance during recall. This pattern is also supported by studies in animals and

humans demonstrating memory enhancements under moderately acute stress (Goldfarb,

2019; Shields, Sazma, et al., 2017).

The current study contains several limitations. First, it lacks physiological

measurements of stress, such as cortisol levels obtained from saliva samples, which is a

common practice in similar studies (e.g., A. M. Smith et al., 2016). Due to the online

nature of our study, we opted for an alternative proxy measure for stress by having

participants self-report their heart rate. However, self-reported heart rates may lack the

precision and objectivity associated with direct physiological measures. The second

limitation is related to statistical power. Although the sample was sufficiently powered for

the initial 2 x 2 design, the online versus lab comparison may not have been sufficiently

powered for our analysis plan due to the addition of a third factor (Brysbaert, 2019). This

could have led to an overestimation of the effects. Third, although the online portion of the

study contained ample manipulation checks and stringent exclusion criteria, it is still

possible that some participants did not carefully engage with the assigned tasks or

provided responses inattentively. This potential lack of adherence to the study

requirements could introduce biases or compromise internal validity.

The results from the current study have important implications for our

understanding of learning strategies in both applied and educational settings. The
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successful replication of the testing effect in an online setting means retrieval practice is an

effective method to enhance long-term memory retention outside traditional classroom

environments and can be reliably used in digital learning contexts. We also demonstrated

that retrieval practice benefits memory in both the evaluative and control conditions,

though the evaluative manipulation may have been too weak to fully detect a difference

between these contexts. This means that learners might be able to benefit from retrieval

practice regardless of whether they are in a high-pressure evaluative or a low-pressure

setting in classrooms and other learning contexts, but further research is needed to confirm

the effects of the evaluative condition. Retrieval practice consistently outperformed

restudy, but evidence that it buffers against stress or test anxiety was inconclusive, likely

due to the mild anxiety induction. These findings underscore the need for further research

to refine stress induction protocols in online settings when assessing the interaction with

retrieval practice.

5.7 Conclusion

The current work successfully replicated the testing effect in an online study. Test

anxiety induced through instructions was not effective enough to considerably increase

stress levels in the evaluative group in the online versus lab sample. The increase in state

anxiety scores in both groups in the full sample might be more attributed to the matrix

task rather than the instructions themselves. Retrieval practice was not protective for

memory performance in the evaluative group overall. However, exploratory analyses

suggested that the testing effect may benefit individuals with higher levels of test anxiety

in lab settings more than online samples. Future research should refine the magnitude and

nature of the stress induction when using retrieval practice.
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5.8 Appendix I: Preparatory Analyses

5.8.1 Reliability

We explored the correlations between the different anxiety measures assessed

through our four questionnaires: CTAS, TAI, Trait Anxiety, and GAD (see Figure 22). A

strong positive correlation (r = 0.76) was found between scores on the CTAS and TAI

questionnaires, indicating a robust linear relationship between these measures. This

suggests that CTAS and TAI measure similar underlying test anxiety traits and that

individuals scoring high on one measure are likely to score high on the other as well.

Moderately positive correlations were observed between Trait Anxiety and TAI (r = 0.63)

and Trait Anxiety and CTAS (r = 0.49), suggesting that individuals with higher levels of

trait anxiety tend to experience greater test anxiety. In contrast, a weak positive

correlation was observed between the scores on the GAD and Trait Anxiety (r = 0.31),

CTAS (r = 0.28), and TAI (r = 0.39). These weak correlations indicate that although

individuals with higher levels of generalized anxiety disorder may exhibit higher trait and

test anxiety, it is likely that GAD measures a broader or different aspect of anxiety.

Overall, while these concepts are interconnected, they represent different dimensions of

anxiety, with trait and test anxiety being more closely connected than other anxiety

disorders.
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Figure 22
Correlation matrix between anxiety variables

Note. Correlation matrix illustrating the relationships between all anxiety measures on a scale of

-1 (low correlation) to 1 (high correlation). The numbers in dark blue indicate high correlation,

and the numbers in light blue indicate lower correlations.

5.8.2 Inter-rater Reliability

Inter-rater reliability was calculated by having a second rater rate a subset of 40

responses and comparing the ratings of the two raters. The Pearson correlation between

the two ratings indicated substantial agreement between the two raters for both "The Sun"

(r = 0.89) and "Sea Otters" (r = 0.88) texts. This also reflects the strong agreement in the

coding of idea units between both raters, suggesting that the coding procedure is highly

reliable and replicable.
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5.8.3 Times read

To ensure that our results were not biased by differences in the number of times

participants read and restudied the two learning texts during Part 1, we computed a

three-way factorial ANOVA examining the effects of learning Strategy (read vs. restudy,

within-subject factor), Sample (lab vs. online, between-subject factor), and Instruction

(control vs. evaluative, between-subject factor) on the number of times each text was read

(see Table 16 for descriptive statistics). The analysis did not reveal any significant results.

Table 16
Descriptive statistics for the number of times each text was read in both samples

Note. The table shows the number of times each text was read and restudied in both the

evaluative ("Evl") and control ("Ctr") groups of both the online and the lab samples. M is the

mean of the times each texts were read and SD is the standard deviation of M . No differences

were observed in the number of times the texts were read between the samples and groups with a

three-way factorial ANOVA.
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5.9 Appendix II: Additional Results for Online vs. Lab Sample

5.9.1 Memory Performance

To examine the potential effects of outliers on memory performance, we reran the 2

x 2 x 2 ANOVA using a trimming procedure with 3, 2.5, 2, 1.5, and 1 standard deviations

from the mean. The results are summarized in Table 17. Results showed a pattern similar

to the main ANOVA, with a significant main effect of Sample and Strategy on memory

performance (p < 0.01 for all analyses).
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Table 17
Results of the trimming procedure for memory performance in the online versus lab sample

Note. The table shows the ANOVA results on memory performance across all trimming

parameters. Significant effects for Sample and Strategy are indicated by the "*". F -values,

p-values, and η2
p values are also reported.
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5.9.2 Memory Performance and Anxiety

The full ANCOVA results (Table 18) revealed a similar pattern across all

questionnaires, with the Strategy and Sample variables statistically significant across the

board. Marginal significance was seen for the CTAS covariate (p = 0.06) and the Trait

Anxiety covariate (p = 0.05). The effect sizes were small for all variables.
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Table 18
Full ANCOVA results for CTAS, TAI, Trait Anxiety, and GAD in the online versus lab
sample

Note. The table shows the full ANCOVA results for the CTAS, TAI, Trait Anxiety, and GAD

questionnaires for the online versus lab sample. Strategy and Sample are significant across all

variables, indicated by the "*". Marginal significance for CTAS and Trait Anxiety covariates is

indicated by the "+". F -values, p-values, and η2
p values are also reported.
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5.9.3 Heart Rate

The full heart rate analysis results are presented in Tables 19 (descriptive statistics)

and 20 (trimming procedure). The results showed a significant effect of Sample at all

cut-offs and a marginally significant Sample by Session interaction at the 1 standard

deviation cut-off (p = 0.05). Because the sample size was small and this was not our main

variable of interest, we refrain from making a heavy interpretation of these effects.

Table 19
Descriptive statistics for heart rate in both samples

Note. The table shows the descriptive results for heart rate in the control and evaluative groups

across both learning conditions in both samples. The mean, median, min, and max values refer to

the pulse rates.
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Table 20
Results of the trimming procedure for heart rate in the online versus lab sample

Note. The table shows the ANOVA results on heart rate analysis across all trimming parameters.

Significant effects for Sample are indicated by "*" and marginally significant results by "+."

F -values, p-values, and η2
p values are also reported.
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5.10 Appendix III: Full Sample Results

5.10.1 Memory Performance

To examine memory performance, we performed a 2 (strategy: retrieval practice vs.

restudy, within-subject factor) x 2 (instruction: evaluative vs. control, between-subject

factor) mixed-design ANOVA (see Figure 23 for descriptive statistics). The results showed

a significant main effect of Strategy (F (1, 204) = 32.14, p < 0.001, η2
p = 0.14), with follow-up

effects showing that the retrieval practice scores were higher than the restudy scores

(Cohen’s d = 0.41, 95% CI [0.22, 0.61]). The main effect of Instruction was not significant

(F (1, 204) = 0.02, p = 0.90, η2
p < 0.01) nor was the interaction effect between Instruction

and Strategy (F (1, 204) = 0.03, p = 0.87, η2
p < 0.01).

Rerunning the ANOVAs with the trimming procedure (Table 21) showed significant

effects of Strategy on memory performance (p < 0.01 for all analyses). No other significant

main effects or interactions were observed.
Figure 23
Memory performance of the evaluative and control groups in the full sample

Note. The x-axis represents learning strategy, retrieval practice (RP), and restudy (RS). The

y-axis represents the proportions of idea units. Ctr is the control group, and Evl is the evaluative

group. The black line in the center is the average, and the white box denotes the standard errors

(SE). The grey dots represent individual data points.
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Table 21
Results of the trimming procedure for memory performance in the full sample

Note. The table shows the results of the memory performance ANOVA across all trimming

parameters. Significant effects are seen for Strategy, indicated by the "*". F -values, p-values, and

η2
p values are also reported.

5.10.2 Memory Performance and Anxiety

To investigate the effects of test anxiety and general anxiety on memory

performance, we added the test anxiety and anxiety scores as the covariates in a 2 x 2

ANCOVA, which was rerun with the results of each anxiety questionnaire. We detected

violations of assumptions underlying these ANCOVAs related to interactions between the

grouping variables and the covariates and homogeneity of variances. To address this, we

implemented the same centering procedure as in the factor analysis. Strategy consistently

emerged as significant in all ANCOVAs (p < 0.05 in all analyses). Test anxiety, as

measured by the CTAS and TAI questionnaires, and Trait Anxiety emerged as significant

predictors (Table 22). Across all ANCOVAs, consistent small effect sizes were observed. In
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addition, the exploratory regression analyses did not reveal any meaningful patterns

between test anxiety and the testing effect (Figure 24).

Table 22
Full ANCOVA results for CTAS, TAI, Trait Anxiety, and GAD in the full sample

Note. The table shows the full ANCOVA results for the CTAS, TAI, Trait Anxiety, and GAD

questionnaires in the full sample. Strategy is significant across all measures, and the covariates

CTAS, TAI, and Trait Anxiety are also significant predictors of memory performance, indicated

by the "*". F -values, p-values, and η2
p values are also reported.
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Figure 24
Testing effect as a function of test anxiety and instruction in the full sample

Note. The x-axis represents the scores on the CTAS and TAI questionnaires. The y-axis

represents the testing effect, calculated as the difference in the recalled idea units between

retrieval practice and restudy conditions. Ctr is the control group, and Evl is the evaluative

group. The lines in the graph are regression lines, representing the relationship among the dots.

The colored dots represent individual data points. We expected a positive relationship between

the testing effect and test anxiety in the evaluative group, such that a higher testing effect would

be accompanied by higher levels of test anxiety because retrieval practice would have a protective

role in these situations.

5.10.3 State Anxiety

To investigate the impact of the test anxiety induction on state anxiety levels, we

performed a 2 (instruction: evaluative vs. control, between-subject factor) x 4 (task:

STAI1, STAI2, STAI3, and STAI4, within-subject factor) mixed-design ANOVA (see

Figure 25 for descriptive statistics). There was no main effect of Group (F (1, 203) = 1.17,

p = 0.28, η2
p = 0.01) nor a significant Group by Task interaction (F (2, 546) = 0.95,p =

0.41,η2
p = 0.01).

Results showed a significant effect of Task (F (2, 546) = 7.00, p < 0.01, η2
p = 0.03).

We then performed paired sample t-tests to examine the differences among the different

time points for the STAI scores. The results showed a significant increase in the state

anxiety levels from the STAI1 to STAI2 time points (t(203) = −3.82,

p < 0.01, Cohen′s d = 0.17, 95% CI [-0.02, 0.36]) and from STAI1 to STAI3 time points
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(t(203) = −3.62, p < 0.01, Cohen′s d = 0.15, 95% CI [-0.04, 0.35]). STAI1 to STAI4 was

also marginally significant (t(203) = −2.58, p = 0.051, Cohen′s d = 0.10, 95% CI [-0.09,

0.29]).

To check whether participants in the evaluative and control groups had similar

stress levels during the initial learning session, we then performed a 2 (instruction:

evaluative vs. control, between-subject factor) x 2 (task: before reading text 1 and after

performing the second learning strategy, within-subject factor) mixed-design ANOVA. We

found no main effect of Instruction (F (1, 203) = 0.65, p = 0.42, η2
p < 0.01) and no main

effect of Task (F (1, 203) = 0.21, p = 0.65, η2
p < 0.01). The interaction between Instruction

and Task was also not significant (F (1, 203) = 1.70, p = 0.19, η2
p < 0.01).

Figure 25
State anxiety levels during the recall session in the full sample

Note. The x-axis represents STAI1, STAI2, STAI3, and STAI4. These are the time points at

which state anxiety was measured during the recall session (i.e., after reading the instructions,

after Raven’s matrices or the puzzle task, after memory test 1, and after memory test 2). The

y-axis represents the State Anxiety scores. Ctr is the control group, and Evl is the evaluative

group. The black line in the center is the average, and the white box denotes the standard errors

(SE). The grey dots represent individual data points.
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5.10.4 Heart Rate

To investigate how test anxiety is induced via our physiological proxy, heart rate

was analyzed as a 2 (instruction: evaluative vs. control, between-subject factor) x 2

(session: learning vs. recall, within-subject factor) mixed-design ANOVA (see Table 19 for

descriptive statistics). Any physically unlikely values (BPM < 20 or > 400) were excluded.

There was no significant effect of Instruction (F (1, 203) = 0.81, p = 0.37, η2
p < 0.01)

or Session (F (1, 203) = 2.45, p = 0.12, η2
p = 0.01). The interaction effect between

Instruction and Session was also not significant (F (1, 203) = 0.03, p = 0.86, η2
p < 0.01).

Additionally, applying the trimming procedure did not reveal any differences (Table 23).

Table 23
Results of the trimming procedure for heart rate in the full sample

Note. The table shows the results for heart rate across all trimming parameters. No significant

effects or interactions were found. F -values, p-values, and partial η2 values are also reported.
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5.11 Supplementary: w and S Group Results

We initially planned to conduct analyses only for participants who pressed the w

during Part 2 to ensure participants followed instructions. Subsequently, we compared the

results from this subset against those who did not press w, but pressed the Space bar (S

group) to not relinquish quality data. In this Supplementary section to Paper 3, we report

the results of the w and S groups on all main analyses to check they are sufficiently similar.

Both groups showed broadly similar patterns of results on the main analyses (memory

performance, anxiety, and state anxiety). As such, they were collapsed together to form the

full sample for analysis reported in the main paper.

Only significant results are reported. All assumptions for normality were checked

for. Deviations in normality using Shapiro Wilk test were resolved by calculating

Skew-Kurtosis values. Skewness and Kurtosis values were within range (Skew of 0.39 and

Kurtosis value of 2.81 for the w group; Skew of 0.22 and Kurtosis of 2.12 in the S group)

and visual inspection with QQ plots suggested data were within normal range. No other

deviations from normality were found.

5.11.1 Memory Performance

Memory performance was analyzed as a 2 (strategy: retrieval practice vs. restudy)

x 2 (instruction: evaluative vs. control) mixed ANOVA. Descriptive statistics can be seen

in Figure 26 for the w group and Figure 27 for the S group. In the w group, this analysis

revealed a significant main effect of Strategy (F (1, 114) = 19.43, p < 0.001, η2
p = 0.15) on

memory performance, suggesting that learning with retrieval practice resulted in better

performance than using restudy (Cohen’s d = 0.45 [95% CI: 0.19-0.71]). This analysis was

repeated with the trimming procedure, which showed no differences from the initial

ANOVA (Table 24).

Similarly, the S group showed a significant main effect of Strategy

(F (1, 49) = 6.86, p = 0.01, η2
p = 0.12) on memory performance (Figure 27), suggesting

better memory for retrieval practice than restudy (Cohen’s d = 0.38 [95% CI: -0.01-0.77]),
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mirroring the results of the w group. This analysis was repeated with the trimming

procedure. A significant effect of Instruction emerged between the 2 and 1.5 SD cut-offs,

however the effect disappeared at the 1 SD cut-off, suggesting it was not robust (Table 25).

The memory performance 2 x 2 ANOVA was repeated using an extreme groups

approach by including participants in the evaluative group with a high score on the STAI

(i.e., the upper quartile) and participants in the control group with a low score on the

STAI (i.e., lower quartile). Results revealed a significant main effect of Strategy

(F (1, 38) = 7.86, p = 0.008, η2
p = 0.17 in the w group and also in the S group

(F (1, 16) = 8.75, p = 0.009, η2
p = 0.35).

5.11.2 Memory Performance and Anxiety

In the w group, we found violations of Levene’s Test (p′s < 0.01), as well as

significant interactions between the grouping variables and covariates in the S group. As

such, we performed the same centering procedure as the main analysis for both w and S

groups to aid interpretability.

We conducted four 2-way ANCOVAs to determine the effect of Strategy (retrieval

practice vs. restudy) and Instruction (evaluative vs. control) while controlling for scores on

all four anxiety measures (CTAS, TAI, Trait Anxiety, GAD). For both w and S groups,

Strategy consistently emerged as a strong and significant predictor of memory performance

for all variables (all p′s < 0.05, see Table 26), signifying a similar pattern of results.

In the w group, CTAS emerged as a marginally significant predictor (p = 0.05),

meaning test anxiety levels as measured by the CTAS questionnaire may have moderated

performance. In the S group, the covariates TAI, Trait and General Anxiety were all

significant predictors (Table 26), suggesting test and trait anxiety levels impacted

performance here as well. In the S group, Instruction also showed a significant main effect,

with the control group scoring higher overall (M = 0.31, SE = 0.02) than the evaluative

group (M = 0.25, SE = 0.02). Given the the small sample size of this sample, we refrain

from in-depth interpretation.
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5.11.3 State Anxiety

State anxiety was assessed in the recall session by performing a 2 (instruction:

evaluative vs. control) x 4 (task: STAI1, STAI2, STAI3, STAI4) mixed ANOVA.

Descriptive statistics are shown in Figure 28 for the w group and Figure 29 for the S group.

For the w group, this analysis revealed a significant main effect of Task (F (2, 297) = 5.41,

p < 0.01, η2
p = 0.04). Post-hoc t-tests revealed that participants were more stressed at the

second time point measurement compared to the first time point measurement,

(t(114) = −3.16, p = 0.02, Cohen’s d = 0.17, [-0.43, 0.08]); and at the third time point

measurement compared to the first time point measurement (t(114) = −3.16, p = 0.01,

Cohen’s d = 0.17, [-0.43, 0.08]).

For the S group, this analysis also showed a marginal main effect of Task

(F (2, 116) = 2.91, p = 0.048, η2
p = 0.06). Follow-up analyses showed a similar pattern as

the w group, where participants were more stressed at the second time point measurement

compared to the first, however the t-test did not reach significance (t(48) = 2.67, p = 0.06).

To ensure that differences didn’t emerge from participants being more stressed

during the initial learning session, we performed a 2 (instruction: evaluative vs. control) by

2 (task: before reading texts vs. after reading texts in session 1) mixed ANOVA. No

significant main effects or interactions were found (all p′s > 0.05) for both w and S groups,

suggesting no differences in baseline state anxiety scores depending on whether participants

ended up in evaluative or control groups.

5.11.4 Heart Rate

No significant main effects or interactions were found for heart rate (all p′s > 0.05)

for both the w and the S groups, suggesting no differences in the physiological proxy

between sessions and conditions (see Table 27 for descriptive statistics). These analysis

were also repeated with a trimming procedure consisting of re-running the analysis by

restricting from 3 SD to 1 SD from the mean. Results of this trimming procedure did not

reveal any significant differences for either group.
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5.11.5 Times Read

Descriptive statistics for the amount of times texts were read in the w or S groups

are shown in Table 28. Analysis with t-tests showed no differences in the amount of times

the texts were read across both reading conditions between evaluative and control groups.
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5.11.6 Supplementary Tables and Figures
Table 24
Memory performance trimming procedure: w group

Note. Table shows ANOVA results for memory performance at each standard deviation cut-off in

the w group. Significant effects for Strategy are indicated by "*". F , p, and η2
p are also reported.
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Table 25
Memory performance trimming procedure: S group

Note. Table shows ANOVA results for memory performance at each standard deviation cut-off in

the S group. Significant effects for Strategy and Instruction are indicated by "*" and marginally

significant effects by the "+". F , p, and η2
p are also reported.
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Table 26
Summary of ANCOVA results in the w and S groups

Note. Table shows ANCOVA results for each anxiety questionnaire for both w and S groups.

Strategy is significant across all measures and Instruction is significant in the S group, indicated

by the "*". CTAS showed marginal significance in the w group, indicated by the "+". TAI, Trait

Anxiety and GAD were all significant predictors in the S group. F , p, and η2
p are also reported.
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Table 27
Descriptive statistics for heart rate in the w and S groups

Note. Table shows mean, median, minimum and maximum pulse rates for both the w and S

groups. The mean pulse rate is reported, along with the standard deviation of the mean, and the

minimum and maximum pulse rates.
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Table 28
Descriptive statistics for times texts were read in w and S groups

Note. Table shows number of click counts during the initial learning and restudy phase for both

evaluative and control groups in the w and S groups. T -test analyses showed no significant

differences.
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Figure 26
Memory performance between evaluative and control groups in w group

Note. The x-axis represents PropRP and PropRS, proportions of retrieval practice (RP) and

restudy (RS). The y-axis represents the proportions of idea units. Ctr is the control group, and

Evl is the evaluative group. The black line in the center is the average, the white box denotes

standard error (SE). The grey dots represent individual data points.
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Figure 27
Memory performance between evaluative and control groups in S group

Note. The x-axis represents PropRP and PropRS, proportions of retrieval practice (RP) and

restudy (RS). The y-axis represents the proportions of idea units. Ctr is the control group, and

Evl is the evaluative group. The black line in the center is the average, the white box denotes

standard error (SE). The grey dots represent individual data points.
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Figure 28
Recall session state anxiety levels in the w group

Note. STAI1, STAI2, STAI3, and STAI4 represent the time points at which state anxiety was

measured in the recall session (i.e., after reading the instructions, after the Raven’s matrices or

the puzzle task, after memory test 1, after memory test 2, respectively). Ctr is the control group,

and Evl is the evaluative group. The black line in the center is the average, the white box denotes

standard error (SE). The grey dots represent individual data points.
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Figure 29
Recall session state anxiety levels in the S group

Note. STAI1, STAI2, STAI3, and STAI4 represent the time points at which state anxiety was

measured in the recall session (i.e., after reading the instructions, after the Raven’s matrices or

the puzzle task, after memory test 1, after memory test 2, respectively). Ctr is the control group,

and Evl is the evaluative group. The black line in the center is the average, the white box denotes

standard error (SE). The grey dots represent individual data points.
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5.11.7 Instructions

Evaluative Group Instructions

General. In this session, we will test your intelligence and your memory abilities. That is,

we want to know how intelligent you are and how good your memory is. Because we want

to study the relationship between intelligence and memory, it is extremely important that

you complete all tasks to the very best of your abilities.

IQ test. The next task is the intelligence test which results in an IQ (intelligence

quotient) reflecting how intelligent you are. Because we are interested in your intelligence,

it is extremely important that you do not rush through the test, but only select a response

when you are absolutely certain that the response is correct. Continue to the next screen

to start the intelligence test.

Memory test. In the following task, we will test your memory abilities. Specifically, we

are interested in how many facts you can remember from the two texts you read in the first

session of this study. You will be given an entire 7 minutes for the recall to make sure we

are genuinely testing nothing but your memory abilities without the limitations of time

pressure. Because we are interested in your memory abilities, it is extremely important

that you use the entire 7 minutes to the very best of your abilities to recall as many facts

as possible from the required text. On the next page you will be prompted to recall a text

from the first session. The title on the next page indicates which text you must recall. A

timer indicating how much time you have left will be presented on the upper right hand

side of the screen. Continue to the next screen to start the memory test.
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Control Group Instructions

General. In this session, you will do a puzzle task and a memory task. That is, you will

have to search for missing pieces and you will have to remember things. Because we want

to study the relationship between problem solving and memory, it is extremely important

that you try to avoid guessing.

Puzzle task. The next task is the puzzle task which is used to assess your problem-solving

strategies. Because we are interested in problem solving strategies, it is extremely

important that you do not rush through the test, but prioritize accuracy over speed.

Continue to the next screen as soon as you are ready to continue with the puzzle task.

Memory task. In the following task, we will ask you to remember things. Specifically, we

are interested in how much you can remember from the two texts you read in the first

session of this study. You will be given 7 minutes for the recall to make sure you have

enough time to write down everything you remember. Do not worry, if you find this task

difficult. We know that it is not an easy task. Nevertheless, because we are interested in

how much can be recalled when people try to the best of their ability , it is extremely

important that you use the entire 7 minutes to recall as much as possible from the required

text. On the next page you will be asked to recall a text from the first session. The title on

the next page indicates which text you must recall. A timer indicating how much time you

have left will be presented on the upper right hand side of the screen. Continue to the next

screen to start the memory task.
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6. General Discussion

This thesis investigated the potential of scientifically-backed learning

strategies–feedback, spacing, retrieval practice, and multisensory learning–to optimize

memory and learning in two under-explored, real-world contexts, namely mobile learning

and stress. Study 1 found that all of these strategies improved memory when mobile

learning applications were used, but retrieval practice had the greatest impact on

performance. In Studies 2 and 3, we then zoomed in to determine whether retrieval

practice can act as a buffer against stressful situations. As such, the current discussion

section focuses mainly on the effects of retrieval practice. The cumulative evidence in

Study 2 showed for the first time that retrieval practice may provide an advantage over

restudy when learning under stressful conditions. Likewise, Study 3 demonstrated that

retrieval practice is effective in online learning settings and remained effective regardless of

evaluative or control settings. This section discusses the research questions (section 6.1),

integrates their findings (section 6.2), and raises important questions and recommendations

for future research (section 6.3).

6.1 Discussion of Research Questions

6.1.1 Study 1: What is the effectiveness of mobile applications built solely

for learning purposes, and how do established learning strategies contribute to

their effectiveness?

Study 1 conducted a meta-analysis to evaluate the effectiveness of mobile language

learning applications and found that they had a moderate-to-strong effect on memory and

learning performance (g = 0.88, 95% CI [0.62–1.14]). Unlike prior research, this study

assessed applications specifically designed for learning, which allowed their impact to be

isolated from other features found in digital tools (Abdulrahaman et al., 2020; Bano et al.,

2018), and highlighted their use of learning strategies like retrieval practice, feedback,

spaced learning, and multisensory learning. These results provided clearer evidence of the
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educational value of MALL-applications compared to traditional methods.

A key objective of Study 1 was to examine whether scientifically-backed learning

strategies were implemented in MALL-applications. Retrieval practice emerged as the

front-runner, with the highest effect size (g = 0.95, 95% CI [0.56, 1.34]) for learning,

suggesting a strong benefit in mobile learning contexts. High effect sizes have been

observed in mobile applications that feature self-testing and quizzing through flashcards

and vocabulary learning (Abdollapour & Maleki, 2012; Sandberg et al., 2011; Q. Wu,

2014). This aligns with a plethora of empirical evidence highlighting the benefits of

retrieval practice for learning (Agarwal, D’Antonio, Roediger, et al., 2014; Agarwal et al.,

2012; Butler et al., 2014). Spaced learning was also widely implemented in all applications,

suggesting that it is a key concern when designing mobile learning applications. Most

learning applications explored in Study 1 presented the same vocabulary words in-between

other words (spaced) rather than presenting the same words consecutively (massed)

(Q. Wu, 2015). They also implemented features, like daily practice reminders, scheduled

review sessions, and progressive unlocking of new content (Chen & Chung, 2008; Zou &

Xie, 2018), all of which naturally incorporate spacing to encourage users to revisit material

over time rather than cramming in a single session. Feedback and multisensory strategies

also showed strong effects on learning outcomes (g > 0.80), suggesting that they are also

drivers of performance in mobile applications. Adaptive feedback systems and multisensory

elements enhance engagement and cognitive processing and accommodate diverse learning

styles, improving retention and focus in mobile contexts (Shadiev et al., 2018; Troussas

et al., 2022).

However, despite their promise, none of the studies actually manipulated the

learning strategies themselves. In other words, the strategies were used by chance in the

applications and were not the main focus of the applications. So far, a direct manipulation

of these learning strategies has only been attempted in (Belardi et al., 2020), who

evaluated the impact of all four learning strategies on vocabulary learning outcomes using
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a self-developed web application. They found significant effects for spacing and feedback,

as well as for a combination of spacing, corrective feedback, and testing, compared to

massed learning and testing without corrective feedback. Similarly, Rüth et al. (2021)

examined the effects of two feedback types—standard corrective feedback and enriched

feedback with additional information—in quiz applications in lab and mobile settings, and

they found that both feedback types improved cognitive outcomes in the short and long

term. These studies were conducted on consumer-grade computers using a web-based or

classroom interface rather than a mobile learning context, making their contributions

relevant but still limited in addressing the specific context and unique challenges of mobile

learning environments.

Overall, Study 1 showed that learning strategies can improve performance in mobile

learning contexts and suggested that retrieval practice offers the most benefit compared to

spacing, feedback, and multisensory strategies. This finding highlights the potential of

retrieval practice as a key mechanism in optimizing learning in mobile contexts and the

need to further explore and integrate this strategy into other contexts where it could also

be beneficial.

6.1.2 Study 2: Is there evidence supporting the cumulative benefits of retrieval

practice on memory in stressful contexts, and what is the effect size of the

protective benefits of retrieval practice on memory in these settings?

As seen in Study 1, retrieval practice is a promising strategy for investigation into

other underexplored contexts, such as stress. Retrieval stress is known to decrease memory,

leading to memory impairments (Klier & Buratto, 2020; Roozendaal, 2002; Shields, Sazma,

et al., 2017), whereas retrieval practice has been shown to protect memory from this

impairment (A. M. Smith et al., 2016). Study 2 builds on A. M. Smith et al. (2016) by

examining whether there other evidence in the field to support a benefit of retrieval

practice in stressful settings.

The primary hypothesis in Study 2 was that participants who engaged in retrieval
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practice would perform better under stress than those who were stressed but did not use

retrieval practice. This hypothesis was supported by a medium-sized positive effect (g =

0.45, 95% CI [0.19, 0.71]), suggesting that retrieval practice is more effective than other

strategies (in this case, only restudy) under stressful conditions. Additionally, Study 2

confirmed that the testing effect was still robust with a small-to-medium effect of g = 0.37,

95% CI [0.09, 0.66]. These results suggest a cumulative benefit of retrieval practice over

restudy during stressful and non-stressful situations.

Our meta-analysis did not find a significant difference in the effectiveness of

retrieval practice between stress and non-stress situations (g = -0.08, 95% CI [-0.02, 0.19]).

This means that although retrieval practice is more effective than restudy under stress,

memory performance is not different between stress and non-stress conditions when

retrieval is used. These results are similar to those observed in Szőllősi et al. (2017), where

relatively equal performance in stress and non-stress conditions for retrieval practice was

observed, meaning that stress did not decrease its effectiveness. Interestingly, we observed

a similar pattern of results when examining the effects of control strategies, or restudy,

during stress and non-stress conditions. This analysis showed another null effect of g =

-0.05, 95% CI [-0.15, 0.05], which suggests that there was no significant difference in

memory performance between stress and non-stress conditions for participants who learned

using a control strategy.

We did not observe a significant effect of the stressor via our regression or

moderator analysis. This was unexpected given the large number of past studies showing

that stress impairs memory, especially when no specific strategies were used (de Quervain

et al., 1998, 2000; Gagnon & Wagner, 2016; Gagnon et al., 2019b; Kuhlmann, Piel, & Wolf,

2005; Roozendaal, 2002; Shields, Sazma, et al., 2017). This discrepancy may be due to the

reliance in our study on self-reported stress scores, which varied across the different

questionnaires and study timings, and the absence of cortisol measurements, which could

have reduced the sensitivity of these results. Moreover, different types of stressors may have
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varying effects on memory. Notably, test anxiety does not always lead to decreased memory

(Clark et al., 2018; Hinze & Rapp, 2014). Finally, we acknowledge that the absence of

observed stress effects in this study does not imply the nonexistence of such effects.

Overall, the results obtained in Study 2 suggest that retrieval practice is more

beneficial than restudy under both stress and non-stress conditions. This means that

retrieval practice provides a more stable and consistent benefit to memory performance, as

opposed to protecting it. Importantly, the magnitude of the stressor has yet to be clarified

because the stress scores did not have a significant effect, and moderator analyses showed

no significant effects for the type of stressor induced. Lastly, insufficient statistical power

could have limited the ability to detect or overestimated certain effects in this

meta-analysis. Study-level heterogeneity, including differences in retrieval practice protocols

and stress procedures, insufficient power across the studies, and the mixed publication bias

findings likely contributed to noise, making it difficult to confidently confirm the effects.

6.1.3 Study 3: Can retrieval practice protect memory against stressors like

test anxiety?

One takeaway from Study 2 was that higher-powered studies are required to reliably

determine the protective effects of retrieval practice on memory and stress. Study 3 went a

step further by using a sufficiently powered sample in the full sample to examine whether

retrieval practice improved memory after inducing test anxiety.

An important finding in Study 3 was that the testing effect can be replicated

successfully in an online setting, thereby confirming its value for memory and learning in

online situations. Moreover, participants in the online portion of the study performed

better than those in the lab when sample was added as a factor in the online versus lab

sample analysis, further supporting retrieval practice as an effective tool in these

environments.

Study 3 also suggested that test anxiety induced by evaluative instructions may be

somewhat more effective in in-person settings than in online settings, although the
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difference was not statistically significant in the online versus lab factor analysis. Notably,

the stress levels increased in both the evaluative and control groups in the full sample

following the matrix task. These results contrast with Almazrouei et al. (2022), who

successfully induced stress in an online setting. Their task used instructions paired with

explicit negative feedback (e.g., "WRONG" in red or "TIME OUT!") and negative social

comparisons. Our study relied solely on the evaluative aspect of "taking a test" without

negative feedback or comparisons. Our stressor may have been mild enough that it affected

participants regardless of evaluative or control condition, possibly due to the difficulty of

the subsequent matrix task and resulting cognitive load rather than the evaluative

instructions alone. Importantly, we note that although the state anxiety scores increased in

both groups in the full sample, they still remained in the low range, suggesting that the

induced anxiety was mild and may not have been sufficient to produce memory

impairments.

Another key finding was that retrieval practice improved memory under both

evaluative and control conditions, meaning we cannot conclusively determine whether

retrieval practice protects memory against test anxiety, especially given the mild impact of

evaluative instructions on state anxiety levels. This matches the findings of Szőllősi et al.

(2017) and Pastötter et al. (2023), who found that retrieval practice improved memory

regardless of the stress condition. However, it contrasts with Hinze and Rapp (2014), who

reported a reversal of the testing effect under high-pressure conditions. Methodological

differences may explain these discrepancies. For instance, Hinze and Rapp (2014)

manipulated high- and low-stakes testing during initial learning rather than during

retrieval and used multiple-choice tests, which are less sensitive to retrieval practice

benefits (Larsen, 2018) than the free recall test used in our study.

6.2 Integrative Discussion

To summarize, Study 1 identified retrieval practice as the most effective strategy to

enhance performance in mobile learning contexts. Studies 2 and 3 then focused further on
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elucidating the benefits of retrieval practice in other types of non-traditional contexts,

namely stressful contexts. Study 2 demonstrated that retrieval practice is robust in the

face of stressors, and Study 3 showed its efficacy in online learning environments and in

both evaluative and control conditions. In this integrative discussion, I explore overarching

themes between the studies, revisit mechanisms of action, and identify directions for future

research.

6.2.1 Common Themes Across Studies

Theme 1: Adaptability of retrieval practice. This thesis builds on earlier studies and

demonstrates the effectiveness of retrieval practice in mobile learning and stressful

contexts, both of which are underexplored domains. The effectiveness of retrieval practice

in these areas highlights its adaptability and applicability across diverse learning

environments. Study 1 found a large effect size for mobile applications featuring

retrieval-based learning activities, indicating that retrieval practice can optimize learning

outcomes in fast-paced digital settings. Study 3 then confirmed the effectiveness of

retrieval practice in online settings, adding to a growing body of evidence supporting its

use for online learning (Cadaret & Yates, 2018; Simone et al., 2023). Both Studies 2 and 3

demonstrated the robustness of retrieval practice under stressful and evaluative conditions.

All these results align with the broader literature consistently showing strong effects for

retrieval practice across a variety of settings and across different learning materials

(Adesope et al., 2017; Agarwal et al., 2021; Moreira et al., 2019; Schwieren et al., 2017).

Theme 2: Retrieval practice as a stable optimizer. This thesis was inspired by the

findings of A. M. Smith et al. (2016) and further investigated whether retrieval practice

could protect memory against the detrimental effects of stress. Only a subset of the results

in Study 3 went in this direction, where a positive relationship between having high levels

of test anxiety and the testing effect was observed in lab and evaluative situations.

However, the exploratory nature of these results precluded us from confirming the

protective effects of retrieval practice.
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The rest of the results in this thesis point to retrieval practice being more of what

I’m calling a "stable optimizer" of memory rather than protector. By "stable optimizer," I

mean that retrieval has consistent beneficial effects on memory regardless of other factors.

In Studies 2 and 3, retrieval practice consistently outperformed restudy under non-stress

conditions (Study 2, H2), stress conditions (Study 2, H3), and both evaluative and control

conditions (Study 3). Moreover, retrieval practice was unaffected by the various moderators

in Study 2 and remained effective when test anxiety and general anxiety were controlled

using ANCOVA in Study 3. A key caveat was that the effects of the stressors could not be

confirmed in either study, though this does not mean that no effect exists. These findings

indicate that retrieval practice provides consistent benefits under various emotional

conditions and settings rather than selectively buffering against stress or anxiety, even

though our attempts to manipulate stress may not have strongly impacted performance.

Although Study 1 did not directly examine stress or anxiety, mobile learning

environments could involve stress-inducing factors, such as time constraints, interruptions,

and evaluative contexts (Gonthier, 2023; Kumari & Corr, 1998). Given its potential

effectiveness in mobile settings observed in Study 1, retrieval practice may continue to

enhance memory performance even when mobile learning conditions involve stressful or

evaluative situations. This possibility remains to be tested in future research, as discussed

later.

Theme 3: Impact of stressors. Another theme encountered in the studies of this thesis

is the nuanced interplay of learning strategies, stress, and anxiety. First, we did not find

strong evidence in Study 3 that evaluative instructions had a considerable impact on

participant stress levels, which contrasts with the results in (Almazrouei et al., 2022) and

suggests that the intensity of the stressor may be a key factor. Participants in the lab

sample in Study 3 showed numerically, but not significantly, higher stress ratings in the

evaluative condition. This finding is partially consistent with the well-established TSST

procedure, which is typically performed in in-person settings where it elicits effects likely
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due to physical proximity and higher perceived intensity (Dickerson & Kemeny, 2004;

Kirschbaum et al., 1993). In Study 2, although most of the included studies featured a

variant of the TSST protocol and reported it to be successful, the moderating effect of

stress on memory was not evident overall. Individual differences, such as cortisol reactivity,

may have influenced stress sensitivity here (Klier & Buratto, 2023; Szőllősi et al., 2017).

The effect of the stressor is further complicated when learning strategies are

considered. When control strategies (in our case, restudy) were used, stress did not

significantly impact memory (Study 2, H1). This finding is inconsistent with those from

the general stress literature that show retrieval stress negatively impacts memory (Klier &

Buratto, 2020; Kuhlmann, 2005; Oei et al., 2006; Roozendaal, 2002; Smeets, 2011). In

those studies, learning materials are not necessarily systematically studied or restudied

(i.e., participants may only see the learning materials once), while in our Study 2,

participants from the included studies were explicitly instructed to restudy the materials,

sometimes over multiple cycles. Studies have shown that when learners have metacognitive

control of the items they need to restudy (like when they are aware they are using a

restudy strategy), they perform better (Tullis & Benjamin, 2012). Therefore, repeated

restudy, while less effective than retrieval practice overall, may still offer a baseline level of

memory support by reinforcing encoding through multiple exposures, an effect that has

been shown to be effective compared to little or no study (Storm et al., 2008).

Similarly, in Study 2 (H4), there was also no significant difference in memory

performance between stress and non-stress conditions when retrieval practice was used.

Therefore using retrieval practice yields similar outcomes regardless of whether stress was

present. These results align with the growing consensus that retrieval practice could be

robust regardless of stress: Szőllősi et al. (2017) found that participants performed equally

well when they used retrieval practice under both stress and control conditions; Pastötter

et al. (2023) showed that the forward testing effect is unaffected by stress; and a review by

Yang et. al (2020) argued that retrieval practice is independent of stressors like test
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anxiety. In addition, these results align with the findings in Study 3 showing that retrieval

practice was effective under both evaluative and control conditions, which means that its

effects can be generalized to evaluative situations.

Together, these results raise the question of how much stress actually impairs

memory when learning strategies are used. Specifically, they suggest that the effectiveness

of the strategy employed (namely, retrieval practice) may be a more critical determinant of

learning outcomes than the presence or absence of stress.

Theme 4: Impact of learning material. A fourth theme emerging from these studies is

the interplay between retrieval practice and the type of learning material. Most of the

mobile application learning materials featured vocabulary words in Study 1, and most of

the articles examined in Study 2 featured word lists or short answer questions. These

stimuli showed small-to-medium positive effect sizes in both studies, which aligns with

other evidence demonstrating that retrieval practice benefits this type of learning material

(Klier & Buratto, 2023; Pastötter & Frings, 2019; A. M. Smith & Thomas, 2018b;

A. M. Smith et al., 2016).

Inconclusive results were observed for longer texts and educational reading

materials. These materials showed a clear testing effect in Study 3, aligning with previous

research (Emmerdinger & Kuhbandner, 2019; Roediger & Karpicke, 2006), but smaller

effects in all moderator analyses for all hypotheses in Study 2. A. M. Smith (2018)

suggested that in the presence of stress, the effectiveness of retrieval practice may decrease

as a function of stimulus difficulty, particularly for stimuli that require the binding of

information (i.e., texts) as opposed to those that can be learned as individual units (i.e.,

words). Individual unit stimuli, especially when learned over multiple retrieval trials, can

lead to automation, which increases retention (Racsmány et al., 2020), whereas materials

that require binding demand content integration, a process that A. M. Smith (2018)

suggests becomes disturbed during stress.

However, this explanation is not consistent with the episodic context theory
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(Lehman et al., 2014). It is also inconsistent with evidence showing that retrieval practice

improves recall of more difficult items during stress (Klier & Buratto, 2023) and with

findings showing that making multiple retrieval attempts can eliminate the detrimental

impact that retrieval stress typically has on memory retrieval (A. M. Smith et al., 2018)

(although these items were, again, word lists). Moreover, reading texts and other complex

materials is closer to what we do in real life (i.e., reading emails, articles online, ingredient

lists of food items in stores), with evidence showing that this type of material is not subject

to the memory-impairing effects of stress (Stock & Merz, 2018). In addition, experts and

scholars have suggested that materials requiring more cognitive engagement (e.g., essays

and longer texts), rather than word lists or individual items, appear to be the most

effective way to use retrieval practice. This is because more complex materials require

learners to construct and retrieve more information (Larsen, 2018), which then improves

memory consolidation and retention (Antony et al., 2017).

Theme 5: Impact of retention interval. Retrieval practice becomes more effective

after longer periods (Roediger & Karpicke, 2006), aligning with the results observed in

Study 3. Study 2, however, showed conflicting results in this regard. Namely, a significant

difference was found between a two-day and a one-week delay between learning and final

recall when retrieval practice was used in stress versus non-stress conditions (H4). In

contrast, when retrieval practice was compared against restudy in non-stress situations

(H2), the typical one-week advantage for retrieval practice returned. A. M. Smith (2018)

also observed that retrieval practice may be more beneficial for memory in the short term

rather than the long term when stress is involved. This would support the moderator

pattern in Study 2 but clashes with Study 3, where retrieval practice continued to be

effective even after a one-week delay regardless of the evaluative condition. Furthermore,

using delay as a continuous moderator in Study 2 revealed that memory performance

increased with longer delays when retrieval practice was compared against restudy in both

non-stress and stress conditions (H2 and H3). However, the same trend was not observed
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when retrieval practice alone was compared in stress versus non-stress conditions (H4).

Therefore, its benefits may not actually decrease in the presence of stress as A. M. Smith

stated. This is also in line with meta-analytic work showing that retrieval practice is

effective regardless of the delay to the final test (Adesope et al., 2017).

6.2.2 The Testing Effect Revisited

The results of Studies 2 and 3 align with the broader retrieval practice literature

replicating the testing effect (Karpicke, 2017; Roediger & Karpicke, 2006; Rowland, 2014).

Testing effects are typically more noticeable in cued and free recall tests (Karpicke et al.,

2014), as we observed in Study 3, likely because retrieval practice strengthens the

recollection processes (Weinstein et al., 2010). Building on this literature, we replicated the

testing effect in stress and anxiety situations and demonstrated its robustness in these

settings.

The observed testing effect in Study 2 (g = 0.37) was slightly lower than typical

estimates, such as g = 0.499 reported by Yang et al. (2021) in a large-scale meta-analysis

involving over 48,000 participants. Our testing effect also showed high heterogeneity and

was not consistently replicated across individual studies, indicating variability at the study

level in Study 2. One reason behind the heterogeneity may be that certain studies in Study

2 used recognition tests (e.g., A.M. Smith et al., 2019), where the testing effect tends to be

weaker (Karpicke et al., 2014) because recognition relies more on familiarity (Weinstein

et al., 2010). Another reason may be due to the inconsistent use of retrieval practice

paradigms, altering the number of retrieval trials, spacing, or study-test intervals.

For instance, some of the studies in Study 2 included multiple retrieval cycles but

allowed participants only a few seconds to encode the material. This short encoding time

potentially limited encoding and resulted in unclear testing effects following stress

(A. M. Smith et al., 2018, 2019). In Klier and Buratto (2023), participants alternated

between restudy and retrieval practice with short encoding and recall windows (6 seconds

per word pair, 4.5 seconds for retrieval), which led to a testing effect only for difficult
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items. Similarly, Tse et al. (2019) found that retrieval and restudy produced similar

performance when participants studied facts for 11 seconds but were tested with 8 seconds

for recall and 3 seconds of feedback. A. M. Smith et al. (2019) found no difference in

source memory between retrieval practice and restudy when participants had 2 seconds to

study each word, followed by either two additional 2-minute restudy sessions or two

2-minute free-recall tests. Then, in cases when participants had 5 seconds to learn and 8

seconds to either restudy or retrieve but did this over 6 cycles like in Szőllősi et al. (2017),

a clear testing effect emerged.

Consequently, if retrieval practice is not implemented correctly or consistently, it

may not offer significant advantages over restudy. In fact, the testing effect can be reversed

when the initial learning criterion is too low (Racsmány et al., 2020; Storm et al., 2014)

and, in certain situations, repeated, spaced restudying can even outperform retrieval

practice (Higham et al., 2022, 2023). This trend was also observed in certain analyses

included in Study 2 (e.g., A.M. Smith et al., 2019 and Tse et al., 2019) where participants

showed higher recall for items learned with restudy.

These findings highlight two key takeaways: (1) when retrieval practice is applied

correctly, it yields strong and stable long-term retention, but (2) if alternative retrieval

practice protocols are used, they may not always be more beneficial than restudy. In this

latter case, it may be advisable to enhance these protocols with other evidence-based

learning strategies to maximize their effectiveness. One such strategy could be successive

relearning, which combines repeated retrieval with spacing and corrective feedback.

Successive relearning has been shown to improve retention over time (Rawson & Dunlosky,

2011a, 2013, 2022). Research shows that integrating retrieval with these other strategies

strengthens memory by helping to preserve and enhance the testing effect, even under

conditions where retrieval alone may fall short (Racsmány et al., 2020; Rawson &

Dunlosky, 2022). Scholars also encourage the use of retrieval practice together with spacing

and feedback to improve retention and help learners retain information for longer periods
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(Larsen, 2018).

6.2.3 Mechanisms of Action Revisited

This thesis argues that episodic context and context-shift theories explain the

benefits of retrieval practice. Retrieval practice strengthens memory traces through

contextual binding, making them less susceptible to contextual disruptions, such as stress

(Lehman et al., 2014; Shields, Sazma, et al., 2017). These theories can explain the benefits

of retrieval practice in both stress and non-stress contexts, as observed in Studies 2 and 3.

However, because the effect of the stressor was not fully supported in either study, this

theory does not fully explain our findings.

Our findings could alternatively be explained by the transfer-appropriate processing

theory (TAP). According to TAP, retrieval practice is effective because it mimics the

cognitive processing that is needed for the final test. This is supported by a meta-analysis

showing that the testing effect is more robust when the format of the practice test matches

the format of the final test (Adesope et al., 2017). Study 3 further supports this theory, as

a clear testing effect was observed when participants engaged in free recall during both the

initial learning and the final test. Similarly, the results reported in the individual studies in

Study 2 were similar when the same format was used for learning and final testing (e.g.,

Klier & Buratto, 2023). The TAP framework could also explain the findings in Study 1, as

participants were often tested in a format similar to how they learned the materials on the

mobile application.

In situations where no testing effects are observed, the bifurcation model (Figure

30) could offer an explanation. In this model, retrieval practice strengthens memory by

selectively enhancing successfully recalled items, while items that fail to be recalled remain

weaker, similar to unpracticed items (Kornell et al., 2011). In Study 2, if some retrieval

attempts were unsuccessful in the individual studies (for example, due to insufficient

encoding), the items unsuccessfully recalled would not have been strengthened and might

have remained at a lower level of memory strength, which could explain why some studies
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didn’t find a testing effect. Moreover, not all studies included feedback during learning,

which means the retrieval attempts would not have been corrected, limiting the benefits of

testing to the few items that are successfully retrieved (Mundt et al., 2020; Racsmány

et al., 2020). This further suggests the added benefit of incorporating feedback and spacing

with retrieval practice.

In terms of stress, the results seen in this thesis can be explained by the

transactional model of stress (Lazarus, 1984; Lazarus & Folkman, 1987). This model

emphasizes that stress responses depend on how individuals appraise a situation and their

perceived ability to cope with it. Since stress varies by context and individual perception, it

may explain some of the findings we saw in our Studies 2 and 3. For instance, some studies

included in Study 2 used the Cold Pressor Test to induce stress (Hupbach & Fieman,

2012), which, while physically uncomfortable, can still be appraised by participants as

manageable, thus reducing its stress impact. Also, the evaluative manipulation in Study 3

may not have been perceived as something participants couldn’t cope with, reflecting the

generally low levels of state anxiety ratings we found. Similarly, participants in Study 3

may not have felt like the experimental procedure was out of their control or like they were

judged too harshly, both known triggers of psychological stress (Dickerson & Kemeny,

2004). Thus, overall, the relatively low stress responses observed in Studies 2 and 3 may be

attributed to participants’ appraisals of the situations as non-threatening or manageable.
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Figure 30
The bifurcation model of retrieval practice

Note. The bifurcation model for items previously restudied (left column) or previously tested

(right column). Initially, both distributions are identical and normal. After intervention,

restudied items uniformly increase in strength, while tested items show a bifurcated pattern

where retrieved items gain more strength and unretrieved items show no gain. The vertical line

marks the recall threshold. After short and long delays, all items decay at the same rate, but the

bifurcated test distribution maintains more items above threshold, preserving recall performance.

Note and figure adapted from Kornell et al. (2011).
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6.3 Implications and Future Directions

As discussed in earlier sections of this chapter, the interplay among mobile contexts,

stress, learning strategies, and memory is complex and leaves open questions. In this

section, I outline key theoretical and practical implications, suggest future research

directions, and make methodological recommendations.

6.3.1 For Retrieval Practice and Mobile Learning

Study 1 showed the importance of integrating key learning strategies into mobile

applications to enhance long-term retention. Although each learning strategy is

individually effective, how they interact remains poorly understood. Therefore, it will be

worth investigating how these learning strategies work together both in lab settings and

within mobile learning environments. For example, retrieval-based learning and spaced

repetition are both well-established strategies (Carpenter et al., 2022; Weinstein et al.,

2018), but their combined effects in a mobile context remain underexplored. Similarly,

quizzing platforms like Kahoot!, Quizizz, and Quizlet enhance retrieval practice by allowing

self-paced engagement, immediate feedback, and varied question formats, which support

learning achievement (Johnson, 2018). However, the impact of different feedback types,

such as immediate versus delayed and explanatory versus simple correctness feedback, is

not well-understood in mobile learning. And, although feedback is generally effective, its

benefits may not always be amplified by retrieval practice (Roediger & Butler, 2011) so

further investigation into these interactions is warranted.

Similarly, retrieval practice appeared especially helpful in mobile learning, likely

because it promotes self-regulated learning. Yang et al. (2017) found that retrieval practice

helped learners maintain sustained study effort in self-paced settings; without interim tests,

study time declined across materials, whereas testing maintained engagement. Sustained

self-regulation and motivation are key for mobile learning (Viberg & Grönlund, 2012), and

future studies should investigate how retrieval practice can be tailored to maximize these

features in mobile and on-the-go learning environments. Also, checking if these
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self-regulation and motivation carry over to the backwards testing effect to determine if the

same rules apply would also be worthwhile.

Large-scale data collected over long periods through MALL and mobile learning

presents a unique opportunity to explore these aforementioned interactions

comprehensively (Belardi et al., 2020; Weinstein et al., 2018). Mobile learning platforms

generate vast amounts of user data, including engagement patterns, quiz performance, time

spent on tasks, and frequency of application usage, which can easily be analyzed for

insights using machine learning models. This data could be leveraged to understand how

learning strategies could fare during stressful situations in mobile applications, opening yet

another area of research.

For example, mobile learning applications could leverage AI-driven analytics to

track user performance under varying levels of stress, such as before an important exam or

during workplace training involving tight deadlines. Machine learning models could then

detect or predict when stress negatively impacts learning and adapt the learning experience

accordingly. This could involve adjusting retrieval difficulty levels and providing tailored

feedback (e.g., explanatory versus correctness-based feedback) before high-stakes learning

situations. It would be interesting to see which learning strategies remain effective under

stress so that we could explore how mobile applications could best support learners in

high-stress environments. Insights from such studies may help educators and developers

create more personalized learning experiences that respond dynamically to user needs.

6.3.2 For Retrieval Practice and Stress

The results of Studies 2 and 3 suggest that retrieval practice is more effective than

restudy in stress and evaluative settings. This has direct implications for classroom

environments, where students frequently experience stress, like during exams,

presentations, or performance evaluations. Yet, we know that most students still prefer to

use weaker strategies like highlighting and restudying even when they see better results

using retrieval practice (Karpicke, 2012). Thus, two things need to happen in the future: 1)
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retrieval practice will need to be integrated into classrooms not just as a general learning

tool but also during evaluative situations; and 2) awareness of the advantages of

retrieval-based strategies will need to be increased to encourage their use in academic and

real-world learning contexts. This awareness-raising could be achieved by training teachers

and improving scientific communication to the public.

Study 3 observed a benefit of retrieval practice for individuals with high levels of

test anxiety compared to those with low levels specifically in lab settings. Though

exploratory, this finding means retrieval practice could help "level the playing field" in

learning environments by offering a way to support learners who would be most vulnerable

to stress-related performance impairments. This potential has already been observed in

lower-ability students, where retrieval practice has been shown to benefit their memory

outcomes (Agarwal et al., 2017; Yang et al., 2020). As prior studies have also

demonstrated, retrieval practice can help reduce test anxiety (Agarwal, D’Antonio,

Roediger III, et al., 2014; Brown & Tallon, 2015), but further research is needed to clarify

its effects on memory and performance in more extreme or at-risk populations.

Different retrieval practice paradigms were used in Study 2, which produced

inconsistent testing effects. Thus, an important avenue for future research is to fine-tune

and standardize retrieval practice protocols for both stress and non-stress situations. Based

on the results from Study 3, we know that the classic retrieval practice paradigm (Roediger

& Karpicke, 2006) produces the testing effect when individuals experience evaluative

pressure. Cued recall tests like those described in Szőllősi et al. (2017) are also a

possibility. Thus, replicating these studies will help improve the reliability of these effects.

Similarly, although not explored in detail in this thesis, retrieval practice exhibits a

dose-dependent relationship whereby after three successful retrievals, additional repetitions

yield diminishing returns, particularly when the tests are closely spaced (Rawson &

Dunlosky, 2011b). Examining how this relationship functions during stressful situations in

a standardized retrieval practice paradigm is now necessary to determine how much
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retrieval is actually needed and whether this amount varies in stressful situations. Then,

extending this set-up to examine highly anxious participants would allow us to know

whether the same amount of retrieval practice is needed for these populations.

Although validated stress protocols were used in the papers included in Study 2 and

used in Study 3, their effects on memory were not confirmed, raising questions about how

different stressors interact with retrieval practice, if at all. This opens up a need for a more

detailed look at the intensity and duration of stress required to impact memory when

retrieval practice is used. For example, a replication of our Study 3 with a more

pronounced stress procedure (such as that in Almazrouei et al. (2022) may yield clearer

insights about how intense the stressor would need to be to have a full effect in an online

sample. While stress enhances the backward testing effect in that it improves long-term

retention after a delay (A.M. Smith et al., 2016), it does not significantly influence the

forward testing effect (Pastötter et al., 2023). Thus, future studies need to better

investigate how both of these retrieval practice effects might play out with different types

of stressors (i.e., test anxiety) and learning materials.

Despite its robustness, retrieval practice is a mixed bag when it comes to individual

differences. For example, individual differences like cortisol reactivity, anxiety levels,

working memory capacity, and hormone usage, can all influence stress reactivity (Shields,

Sazma, et al., 2017). However, such differences do not always seem to influence retrieval

practice (Bertilsson et al., 2021; de Lima & Buratto, 2024; Yang, Li, et al., 2023; Yang

et al., 2020). It would be interesting for future studies to take a closer look at the interplay

among these factors and their impact on memory performance in both stress and

non-stress situations. Moreover, certain studies have shown that up to 30% fail to

demonstrate any benefit of retrieval practice (Brewer & Unsworth, 2012; Minear et al.,

2018), with this subsample performing even better on various cognitive tasks than

participants who showed a testing effect (Minear et al., 2018). It would be important for

the field to understand in which conditions participants do not benefit from retrieval
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practice and how people under those conditions fare in terms of memory during stress.

Retrieval practice has been shown to improve memory deficits in individuals

following traumatic brain injury (Coyne et al., 2015; Pastötter et al., 2013), as well as in

patients with multiple sclerosis (Sumowski et al., 2010b) and even in patients with

schizophrenia (Jantzi et al., 2019). Given our preliminary findings that retrieval practice

can support memory during situations where stress or evaluation is expected, a key next

step is to investigate whether these benefits can apply to other conditions that impair

memory. For example, aging is associated with memory declines, and research suggests

that certain encoding strategies could be used to help aging memory (Hering et al., 2014).

However, research into retrieval practice’s effects on aging is still scarce. Alzheimer’s

Disease is another area where memory decline is prominent (Grober et al., 2008), offering

opportunities to explore whether retrieval practice can mitigate memory impairments or

slow cognitive decline.

Along a similar vein, retrieval practice is beginning to be investigated in populations

with attentional and developmental disorders, both of which are highly prevalent in

educational settings (van Bergen et al., 2025). For example, retrieval practice has shown a

promising benefit for students with attention deficit hyperactivity disorder, or ADHD

(Knouse et al., 2016). Minear et al. (2023) found that students with ADHD tend to use

fewer deep encoding strategies, suggesting that retrieval practice alone may be insufficient

and should be combined with targeted support to improve encoding processes. Similarly,

individuals with dyslexia exhibit poorer retrieval performance when responding via typing

but perform comparably to typical learners when responding by speech, indicating that

processing delays rather than memory deficits underlie their difficulties (Wilschut et al.,

2025). Future research should focus on adapting retrieval practice to optimize learning for

neurodivergent populations, especially in classroom settings where tailored approaches are

essential.

Lastly, another possibility emerging from this thesis is that retrieval practice may be
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even more beneficial when it is used with other scientifically-backed learning strategies, like

spacing and feedback, in the form of successive relearning (Carpenter et al., 2022; Rawson

et al., 2018; Vaughn et al., 2016). Studies show that successive relearning can also reduce

anxiety (Higham et al., 2023), meaning that there is reason to believe that these strategies

together could further protect memory against the negative effects of stress. Experimental

research will be needed to improve our understanding of the combined effects of retrieval

with other strategies on memory and whether these combinations perform better than

retrieval practice alone in stress and non-stress situations.

6.3.3 For Methodology

This thesis featured two meta-analyses, which provides a unique opportunity to

recommend best practices for conducting meta-analyses and individual studies. Accurate

and reliable meta-analytic findings have the power to change our understanding of entire

fields, potentially leading to significant shifts in policy, decision making, and practice, so

their rigorous execution is critical.

For meta-analyses, assessing the risk of bias in the included studies is essential to

have a better understanding of the sources of bias within each study and how they might

impact results. Including and interpreting confidence intervals is also essential to ensure

that interpretations are valid and any uncertainty is taken into account. Careful attention

must be paid to statistical power because studies with low power can lead to inflated or

inconsistent effect sizes. I recommend conducting power analysis simulations and post-hoc

power analyses, as described in Study 2. Assessing issues regarding heterogeneity and

publication bias in the meta-analyses via a multiverse approach and sensitivity analysis is

also needed to have a better understanding of the variances because the sources of these

variances are rarely ever clear-cut. It should go without saying that transparency when

reporting the methods, inclusion/exclusion criteria, and results is vital. I encourage

everyone to conduct a registered report when it comes to this in order to clearly define in

advance how the study will be conducted, reducing researcher bias and increasing the
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credibility and reproducibility of the findings.

Meta-analyses are only as good as the studies they include, so I urge researchers to

plan accordingly when they conduct their studies and make sure their studies are

"meta-analysis ready". This means having an adequate sample size for the anticipated

design and effects, reporting all outcomes, and sticking to best research practices

throughout (for a review, see Schwabe et al., 2022). Studies should also be transparent in

their results reporting and provide clear effect size metrics and confidence intervals so that

they can be accurately synthesized in meta-analyses. Lastly, ensuring that raw data files

are accessible in open access repositories makes it easier to recalculate effects and retrieve

more statistical information if needed.
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7. Conclusion

This thesis started out by examining the four most effective learning strategies

known today–retrieval practice, spacing, feedback and multisensory learning–in two

underexplored contexts critical for everyday life, mobile learning and stressful situations.

Study 1 showed that mobile learning applications improve learning compared to traditional

methods and that scientifically backed learning strategies are implemented, but not

experimentally. Moreover, retrieval practice emerged as the strongest strategy used in these

contexts. Coupled with evidence from the stress literature that retrieval practice can also

protect memory against stressors, we proceeded to investigate whether it can also improve

and protect memory in another underexplored context, stressful situations. We saw that

retrieval practice is more effective than restudy in both stress and non-stress conditions

(Study 2), as well as in evaluative and control conditions (Study 3). However, the relative

impact of the stressor in both Studies 2 and 3 was unconfirmed overall, suggesting that

retrieval practice benefits memory consistently regardless of whether stress levels are

meaningfully elevated, and highlighting the need for further research to clarify how

different stressors influence memory when retrieval practice is concerned. Based on the

various sources of bias observed in Study 2, we also considered the possibility that retrieval

practice can be fortified using other strong learning strategies for maximal benefit. As

such, we return to the beginning aspects of this thesis and conclude that likely a

combination of learning strategies, such as retrieval practice, spacing, and feedback, is

necessary to fully optimize memory.
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