Supplementary Material

Detailed Description of Common Task Paradigms and Measurement Approaches
Executive Functions
Executive functions (EF) are typically operationalised using performance-based cognitive paradigms designed to assess inhibition, working memory (WM), and shifting.
Inhibition Tasks. Inhibition is frequently assessed using Go/NoGo paradigms (Carlson, 2005). Participants respond to target stimuli but must withhold responses to non-target stimuli. Performance is typically indexed by commission errors (responses to non-targets) and response times. Further inhibition paradigms include Stroop tasks (Stroop, 1935), requiring suppression of prepotent responses to incongruent stimuli and Stop-signal tasks (Verbruggen et al., 2008), assessing the ability to cancel initiated responses following a stop cue. Primary indicators include error rates, stop-signal reaction time, and interference effects.
Working Memory Tasks. WM capacity is commonly assessed using span tasks that require both maintenance and manipulation of information (Carlson, 2005). In backward span tasks, participants recall items in reverse order. Performance is typically indexed by span length or number of correctly recalled items. WM updating processes are measured using numerical or verbal updating tasks, requiring ongoing transformation of stored information and n-back tasks (Kirchner, 1958), in which participants determine whether the current stimulus matches one presented n trials earlier. Because each task engages multiple cognitive processes, WM is ideally modelled as a latent construct indicated by multiple paradigms (Schmiedek et al., 2014).
Shifting Tasks. Cognitive shifting is frequently assessed using sorting tasks, such as the Wisconsin Card Sorting Test (WCST; Grant, 1993), where participants infer and adapt to changing classification rules. Perseveration errors index shifting performance. In addition, shifting is assessed using task-switching paradigms, such as the letter–number task, where switch costs (differences in reaction times between switch and repeat trials) serve as indicators of cognitive flexibility.
Metacognition
	Metacognitive Judgments. Metacognitive judgments refer to learners’ appraisals and evaluations of their cognitive processes (Händel & Dresel, 2022; Pintrich, 2000).
Two prominent types are confidence judgements and judgements of learning (JOLs). Confidence judgments capture learners’ subjective evaluations of the correctness of their responses after completing a task. For example, after answering an exam question, learners rate how confident they are that their answer is correct. JOLs reflect learners’ predictions of their future recall or learning success (Nelson et al., 1994). For example, learners may estimate the likelihood of recalling vocabulary items they are currently studying. Such predictions can guide study decisions and resource allocation (Metcalfe, 2009).
	Monitoring accuracy is often evaluated through calibration indices, which quantify the correspondence between predicted and actual performance (Schraw et al., 2013). Calibration accuracy is associated with more adaptive learning and decision-making, whereas systematic overconfidence or underconfidence may hinder performance (Kruger & Dunning, 1999; Rhodes & Tauber, 2011).
	Declarative Metacognitive Knowledge and Strategy Knowledge. Learners’ knowledge about cognitive processes and strategies can be assessed via self-report questionnaires, in which learners rate their familiarity with and perceived use of metacognitive strategies (Harrison & Vallin, 2018). Knowledge tests, which evaluate explicit understanding of when and why particular strategies are effective (Schneider et al., 2017). These measures primarily capture knowledge about strategies rather than real-time regulatory implementation.
	Implicit Indicators of Monitoring and Control. Several methods indirectly assess metacognitive monitoring and control. Response-time measures aim to examine post-error slowing—the increase in response latency following an error—indicates that an error has been detected and monitored (Danielmeier & Ullsperger, 2011). Neurophysiological measures, such as electroencephalography (EEG) and eye-tracking techniques provide neural and attentional markers of error detection and conflict monitoring (Botvinick et al., 2004; Theobald et al., 2024).
	Behavioural Observations. Learners’ choices, strategy selections, and study decisions during task performance can be analysed to infer monitoring-based control processes (Veenman & van Cleef, 2019).
Self-Regulation
	Self-Report Questionnaires. Self-report questionnaires typically assess individuals’ regulatory functioning over recent weeks. Items focus on setting and pursuing goals, following plans, resisting temptations, sustaining concentration, completing tasks, regulating emotions, and controlling impulsive reactions. Importantly, these measures primarily index regulatory success, rather than the strategies underlying successful regulation. Some of these instruments originate from clinical diagnostic contexts (e.g., ADHD assessment), based on the conceptualisation of ADHD as reflecting SR difficulties (Barkley, 2013).
Widely used instruments include:
· Self-Regulation Questionnaire (SRQ; Carey et al., 2004) and short version (SSRQ)
· Adolescent Self-Regulatory Inventory (Moilanen, 2007)
· Conners ADHD Rating Scales for Children and Adults (Conners, 2014; Conners et al., 1999)
· Strengths and Difficulties Questionnaire (SDQ; Goodman, 1997)
· Strengths and Weaknesses of ADHD Symptoms and Normal Behavior Scale (Blume et al., 2025; Swanson et al., 2012)
Additional instruments frequently used in research include the Brief Self-Control Scale (Tangney et al., 2004) and the Barratt Impulsiveness Scale (Patton et al., 1995). 	However, these latter scales capture domain-specific facets (e.g., impulsivity), rather than domain-general SR.
	For intensive longitudinal designs, questionnaire items have been adapted for daily or ambulatory assessment to capture within-person variability (Blume et al., 2022; Blume & Schmiedek, 2024; Ludwig et al., 2016).
	Third-Party Report Questionnaires. Parent and teacher reports parallel self-report instruments and are widely used in developmental research. Examples include:
· Parent-Report Adolescent Self-Regulatory Inventory (Moilanen, 2007)
· Parent and teacher Conners Rating Scales (Conners, 2014; Conners et al., 1999)
· Strengths and Difficulties Questionnaire (SDQ; Goodman, 1997)
· Children’s Behaviour Questionnaire (Rothbart et al., 2001)
· Child Behavior Checklist (Achenbach & Rescorla, 2001)
· Child Behavior Rating Scale (Bronson et al., 1990)
· Parent version of the SWAN scale (Swanson et al., 2012)
· BRIEF (Gioia et al., 2002)
	Notably, instruments such as the BRIEF claim to assess EF but include items overlapping strongly with SR questionnaires (see Chapter 2.1).
	Behavioural Assessments. Behavioural approaches to domain-general SR are comparatively rare. Most paradigms assess domain-specific facets such as Delay of Gratification. In Delay-of-Gratification Tasks, children choose between a smaller immediate reward and a larger delayed reward. This paradigm operationalises SR as the ability to delay immediate gratification (Mischel et al., 1988; Mischel & Ebbesen, 1970). Limitations of behavioural assessments concern the reliability, age sensitivity (decreasing attractiveness of rewards with age). Due to their age sensitivity, the use of behavioural assessments is limited to early childhood (Funder et al., 1983). 
	In addition, Choice Delay Tasks, in which school-aged children repeatedly choose between smaller immediate and larger delayed rewards (Kuntsi et al., 2001) are used. 
	Moreover, Delay Discounting Tasks are used. These tasks model the subjective devaluation of delayed rewards; SR is operationalised as the steepness of the discounting function (Critchfield & Kollins, 2001; Staubitz et al., 2018). Such tasks show acceptable reliability and associations with academic performance and behavioural outcomes (e.g., Freeney & O’Connell, 2010; Scheres et al., 2013), but they represent specific regulatory behaviours rather than domain-general SR.
Self-Regulated Learning
	Self-Report Questionnaires. Retrospective questionnaires ask students to evaluate their general use of SRL strategies, typically using Likert scales. These include cognitive strategies (e.g., rehearsal, elaboration), metacognitive strategies (e.g., planning, monitoring), and resource management strategies (e.g., time management). Frequently used instruments include the Motivated Strategies for Learning Questionnaire (MSLQ; Pintrich et al., 1991) and the Learning and Study Strategies Inventory (LASSI; Weinstein et al., 2016). For comprehensive reviews of SRL questionnaires, see Roth and colleagues (2016).
	Third-Party Report Questionnaires. Teachers and parents may provide ratings of students’ observable SRL-related behaviours. Such ratings have demonstrated acceptable internal and external validity (Chen et al., 2015; Cleary & Callan, 2014) and can complement student self-reports.
	Knowledge and Situational Judgement Tests. Knowledge tests assess students’ declarative strategy knowledge—that is, awareness of strategies and their intended function (e.g., Dörrenbächer-Ulrich, Sparfeldt, et al., 2024). Situational judgement tests assess conditional knowledge by asking students to select the most appropriate strategy in specific learning scenarios (Bäulke et al., 2021; Dörrenbächer-Ulrich, Sparfeldt, et al., 2024).
	Interviews. Structured interviews (e.g., SRL Interview Schedule; Zimmerman & Pons, 1986) ask students to describe strategies they use in specific learning situations. Responses are coded using predefined category systems.
	Think-Aloud Protocols. Think-aloud methods capture strategy use during task engagement (Greene et al., 2011). Participants verbalise their thoughts while performing a task, and responses are coded according to SRL frameworks (e.g., Azevedo et al., 2004).
	Learning Diaries. Learning diaries involve repeated self-reports (e.g., daily or weekly) of strategy use in recent learning sessions (Schmitz & Perels, 2011). Items are often adapted from questionnaires but framed situationally (Klug et al., 2011), reducing retrospective bias.
	Observations and Digital Traces. Observational tools capture verbal and nonverbal indicators of SRL, particularly in younger children (Whitebread et al., 2009). In digital learning environments, log-file traces (e.g., note-taking frequency, revisiting materials, self-testing behaviour) are increasingly used as behavioural indicators of SRL (Hadwin et al., 2007; Kizilcec et al., 2017). However, associations with self-reported strategy use are often modest and the theoretical mapping between trace indicators and SRL constructs is still developing (van Berk et al., 2024). Robust theoretical grounding is therefore essential when interpreting trace-based measures.
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Table S1
Conceptual Relations and Empirical Evidence Across Construct Pairings
	Pairing
	Key conceptual overlap
	Key distinction
	Proposed relation
	Empirical pattern
	Main gaps/ implications

	EF-MC
	Both involve controlled, non-automated cognition supporting adaptive behaviour (Roebers, 2017).
	Monitoring is explicit and central in MC but typically implicit in EF accounts (Roebers, 2017).
	EF as prerequisite for MC (Effeney et al., 2013; Roebers, 2017) vs. bidirectional accounts where MC supports EF deployment (Marulis et al., 2020).
	Positive associations when EF treated globally (Dutemple et al., 2024; Marulis & Nelson, 2021). 
Component-level evidence strongest for WM–MC (Bryce et al., 2015; Roebers et al., 2012; Theobald & Brod, 2025).
Experimental WM-load manipulation reduces monitoring (Bryce et al., 2023). 
Findings for inhibition/shifting mixed or null (Destan & Roebers, 2015; Spiess et al., 2016).
	Need for designs that separate components and permit directional inference (beyond cross-sectional correlations).
Measurement/operationalisation likely moderates observed relations.

	EF-SR
	Both support goal-directed behaviour and adaptive functioning.
	EF = foundational cognitive capacities (neurocognitive) SR = broader regulation of thoughts, emotions, and behaviour, shaped by learning/ context.
	EF as cognitive foundation for SR (Bailey & Jones, 2019; Diamond, 2013; Hofmann et al., 2012; Jones et al., 2016); bidirectional dynamics proposed but less evidenced (Blair & Ursache, 2013).
	WM capacity linked to goal-consistent behaviour vs impulsive tendencies (Hofmann et al., 2007, 2009). 
WM relates to emotion regulation processes (Gross, 1998; Riediger et al., 2011; Schmeichel & Demaree, 2010). 
Targeted training in WM/inhibition associated with reductions in maladaptive behaviours (Houben et al., 2011; Houben & Jansen, 2011; Veling et al., 2011), though specificity debated (e.g., Wittleder et al., 2024).
	Evidence base is uneven (often WM-focused; SR frequently operationalised via domain-specific outcomes). Strong need for domain-general SR operationalisations aligned with EF measurement logic.

	EF-SRL
	Both contribute to maintaining focus, adapting to demands, and goal pursuit in learning contexts.
	EF = domain-general cognitive control; SRL = domain-specific regulation of cognition, motivation, emotion, and behaviour in academic learning.
	EF frequently assumed to support the emergence/ effective use of SRL strategies (Dörrenbächer-Ulrich, Dilhuit, et al., 2024).
	Better EF associated with better SRL strategies (Effeney et al., 2013; Follmer & Sperling, 2016; Grueneisen et al., 2023). 
Developmental work suggests EF improvements may precede SRL strategy development (Davis et al., 2021; Ferreira et al., 2022; Rutherford et al., 2018), but component-level differentiation is rare.
	Directionality and reciprocity remain unclear; experimental tests are scarce. Future work should distinguish EF components and SRL facets.

	MC-SR
	Both emphasise monitoring and control as core regulatory mechanisms (Dinsmore et al., 2008).
	MC focuses on regulation of cognition; SR targets a broader set of processes (cognition, emotion, behaviour) across contexts.
	No established hierarchical account; plausible that metacognitive monitoring supports discrepancy detection central to SR models.
	Direct evidence is limited; this pairing is rarely examined systematically (Dinsmore et al., 2008).
	Substantial empirical gap; prioritise studies that jointly assess metacognitive monitoring/control and domain-general SR processes.

	MC-SRL
	Both involve monitoring and regulation in educational contexts; both linked to academic success.
	MC narrower; SRL broader and typically includes motivation and emotion regulation.
	MC often treated as embedded component within SRL (metacognitive strategies across SRL phases), though “MC as foundation” vs “MC as one component” remain open.
	Strong associations between metacognitive strategies and other SRL components in major questionnaire-based meta-analyses (Credé & Phillips, 2011; Fong et al., 2023). Conceptual work highlights meta-motivational/ meta-emotional analogues (Ben-Eliyahu, 2019; Efklides & Schwartz, 2024)
	Need clearer functional modelling (component vs prerequisite) and measurement approaches beyond shared-method questionnaire correlations.

	SR-SRL
	Both involve goal-directed regulation with feedback-loop logic.
	SR = domain-general regulation; SRL = regulation in academic learning tasks (learning goals, strategy use; motivation central).
	Direct empirical comparisons remain rare. Conceptually, SR in schools is often measured via behavioural functioning (e.g., resisting distractions, task initiation), whereas SRL focuses on strategy implementation during learning.
	SRL can be conceptualised as a specialised, domain-specific manifestation of SR; nevertheless, the constructs are not interchangeable in educational settings.
	Need empirical work that simultaneously operationalises SR and SRL (and disentangles behavioural outcomes vs strategy processes) to avoid jingle/jangle confusions.





Table S2 
Integrated Design Logic for Testing the EMERGE Model
	Design type
	Level of analysis
	Primary time scale
	What it can test
	Hypothesis tested
	Strengths
	Limitations

	Cross-sectional designs
	Between-person (associations)
	Single time point
	Between-person associations
	Descriptive only
	Efficient; broad construct coverage
	No temporal or causal inference

	Experimental designs
	Between-person (causal inference)
	Short-to mid-term
	Effects of manipulation or strategy training
	Compensatory; stage-setting
	Strong internal validity
	Cannot capture intraindividual dynamics

	Longitudinal designs
	Between-person (change)
	Macro-time (months/years)
	Directional developmental relations
	Stage-setting; reciprocal development
	Models ordering over time
	Cannot capture intraindividual dynamics

	Intensive longitudinal designs
	Between-person and within-person (associations)
	Micro-time (moments) to meso-time (days, weeks)
	Between- and within-person associations; within-person fluctuations
	Compensatory
	Separates intra- and interindividual variance
	Often limited construct breadth

	Micro-randomised trials 
	Within-person (causal effects)
Between-person (differences in causal effects)
	Micro-time to meso-time
	Immediate effects of manipulations in daily life
	Compensatory; stage-setting
	Causal at intraindividual level; high ecological validity
	Short-term unless embedded longitudinally

	Measurement burst designs
	Between-person and within-person (short-term fluctuations and long-term change)
	Micro-, meso-, and macro-time
	Development of within-person phenomena
	Compensatory; stage-setting
	Links micro-processes to development
	Methodologically demanding
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