[bookmark: OLE_LINK2]Table S1. PRISMA 2020 Reporting Checklist
This checklist is compiled in strict accordance with the PRISMA 2020 statement (Page et al., 2021) for the manuscript entitled The impact of virtual experiments on students’ scientific inquiry skills: Evidence from a three-level meta-analysis. It follows the official PRISMA 2020 framework, with all entries cross-checked against the full text of the manuscript and their corresponding reporting locations clearly indicated.
A status of Complete indicates that the corresponding PRISMA requirement is fully and transparently satisfied in the manuscript. A status of Partial indicates that relevant information is available but the full PRISMA reporting standard is not met, typically due to inherent study design characteristics (e.g., absence of a publicly registered study protocol) rather than reporting omissions. Items not explicitly reported in the manuscript are not included in this checklist to ensure strict alignment with the actual content of the manuscript.
	Item No.
	PRISMA Item
	Reporting Content
	Location in Manuscript
	Reporting Status

	1
	Title
	The title explicitly identifies the study as a three-level meta-analysis, and clearly specifies the intervention (virtual experiments, VE), comparator (physical experiments, PE), and core outcome (students’ scientific inquiry skills).
	Title page
	Complete

	2
	Abstract
	The abstract presents background, research objectives, methods, core results and conclusions in narrative form. It reports 21 included independent studies, 41 nested effect sizes, a total sample of 3931 participants, a pooled effect of Hedges’ g = 0.454 (p < 0.05), and key findings of moderating effect analyses. It also explicitly states that a three-level meta-analytic model is applied to correct for non-independence bias of effect sizes.
	Abstract section
	Complete

	3
	Rationale
	The introduction systematically elaborates three key research gaps in the field: (1) empirical findings on the effects of VE versus PE on scientific inquiry skills have long been inconsistent; (2) existing meta-analyses mostly rely on conventional two-level models, ignoring the nested dependency of effect sizes and leading to biased statistical inference; (3) a single theory (Cognitive Load Theory or Embodied Cognition Theory) cannot fully explain the effect differentiation between virtual and physical experiments. It clearly points out the lack of high-quality three-level meta-analytic evidence focusing on scientific inquiry skills with pure PE as the control group.
	Section 1 (Introduction)
	Complete

	4
	Objectives
	Primary objective: to systematically compare the relative intervention effect of VE versus PE on students’ scientific inquiry skills. Secondary objective: to explore the moderating roles of four variables—educational level, subject type, intervention duration, and inquiry skill dimension. Three specific research questions are proposed, and all moderating effect analyses are explicitly positioned as exploratory.
	End of Section 1
	Complete

	5
	Protocol and registration
	No pre-registration of the study protocol was conducted on public platforms such as PROSPERO or OSF. Core eligibility criteria and statistical analysis frameworks were initially developed before literature searching. Minor adjustments to database scope and inclusion details during the search phase were all completed prior to effect size extraction and formal statistical analysis, as confirmed by the authors.
	Opening of Section 2 (Methods)
	Partial

	6
	Eligibility criteria
	Eligibility is strictly defined following the PICOS framework:
Population: Full-time students across all educational levels (primary to university) in formal natural science experiment teaching scenarios (physics, chemistry, biology, integrated science);
Intervention: Experimental group receives pure virtual experiment instruction;
Comparator: Control group receives pure physical experiment instruction with identical teaching content, duration and task load, with baseline equivalence between groups (p > 0.05);
Outcome: Validated quantitative assessment tools for scientific inquiry skills (scales or dimensional scores with established reliability and validity);
Study design: Randomized controlled trials (RCTs) and quasi-experimental studies (QES).
Inclusion scope: English peer-reviewed literature published from January 2000 to December 2025. Studies with virtual-physical integrated intervention, no PE control group, duplicate publication, insufficient effect size statistics, and grey literature are explicitly excluded.
	Section 2.2
	Complete

	7
	Information sources
	Five major international academic databases were searched: Springer Link, Web of Science, EBSCO, Scopus, and Google Scholar. The search was supplemented by backward reference snowballing and forward citation tracking. The search was conducted from March 1, 2026 to April 1, 2026.
	Section 2.3
	Complete

	8
	Search strategy
	The search strategy was constructed around core variables: (virtual experiment OR virtual lab OR computer simulation) AND (hands-on experiment OR physical lab) AND (scientific inquiry skills OR experimental ability). Synonyms were supplemented with reference to the ERIC Thesaurus, using Boolean logic and truncation, with search fields restricted to title/abstract/keyword. The initial search yielded 2810 potentially relevant records.
	Section 2.3
	Complete

	9
	Selection process
	A standardized four-stage screening process was adopted: automatic deduplication → title/abstract screening → full-text screening → final inclusion. Screening was performed independently by two researchers trained in meta-analysis standards, with disagreements resolved via third-party expert arbitration. Inter-rater reliability for study screening: Cohen’s kappa = 0.896 (p < 0.001). References were managed via EndNote 20, combining automatic deduplication and manual verification. Screening flow: 2810 initial records → 2302 after deduplication → 2214 excluded at title/abstract stage → 88 articles assessed for full-text eligibility → 21 studies finally included.
	Section 2.4; Figure 2 (PRISMA Flow Diagram)
	Complete

	10
	Data collection process
	A unified coding manual was developed following the meta-analysis coding standards proposed by Card (2015). Two independent coders performed data extraction after standardized training, with inter-rater reliability Cohen’s kappa = 0.891 (p < 0.001). Coding disagreements were resolved through third-party arbitration. No attempts were made to contact original authors for missing data. All included studies contained sufficient statistical information for effect size calculation, and no data imputation was performed.
	Section 2.5
	Complete

	11
	Data items
	Coding covers five categories of core information: basic study characteristics (authors, publication year), sample characteristics, intervention characteristics, outcome data, and methodological quality information. Coding rules for moderating variables are clearly defined: educational level (4 categories), subject type (4 categories), intervention duration (3 categories), and inquiry skill dimension (5 categories).
	Section 2.5; Table 1
	Complete

	12
	Outcomes and prioritization
	The primary outcome was defined as overall scientific inquiry skill level measured by validated instruments. Secondary outcomes were scores of five sub-dimensions of scientific inquiry skills. No public pre-registration is available to externally verify the a priori timeline of the analysis plan; the authors confirm that the outcome indicators and statistical strategy were finalized before data extraction commenced.
	Section 2.2 (Outcome indicators subsection)
	Partial

	13
	Risk of bias in individual studies
	The Cochrane Risk of Bias tool was applied for RCTs (covering core domains: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data). The Newcastle-Ottawa Scale (NOS, 9-point scale; < 5 = low quality) was used for quasi-experimental studies. Low-quality and high-risk bias studies were not excluded a priori; their influence on pooled results was tested via sensitivity analysis.
	Section 2.5; Section 3.1
	Complete

	14
	Effect measures
	Hedges’ g was adopted as the uniform effect size metric, which corrects for small-sample bias and is suitable for meta-analyses with large sample size differences. Effect sizes were calculated based on post-test means and pooled standard deviations of the experimental and control groups; if original studies only reported t-values, F-values or p-values, conversion was performed following the formula recommended by Lipsey & Wilson (2001). Effect size direction: positive values indicate higher scientific inquiry skill scores in the VE group than in the PE group. Effect magnitude thresholds follow Cohen’s classic conventions (0.2 = small, 0.5 = medium, 0.8 = large). All statistical analyses were performed in R 4.6.0 with the metafor 3.0-2 package, with a fixed random seed for reproducibility.
	Section 2.6
	Complete

	15
	Synthesis methods
	A three-level random-effects meta-analysis model was fitted, decomposing total variance into three levels: sampling error (level 1), within-study variance (level 2), and between-study variance (level 3). Restricted maximum likelihood (REML) estimation was applied, with a compound symmetry (CS) covariance structure to handle correlations among effect sizes within the same study. Degrees of freedom were estimated using the Kenward-Roger method, which is more robust for small samples. Goodness of fit between the three-level model and conventional two-level simplified models was compared via AIC, BIC and log-likelihood ratio tests (LRT). Heterogeneity was assessed via stratified I2 statistic, variance component decomposition and intraclass correlation coefficient (ICC). Subgroup analyses for categorical moderators were conducted using three-level mixed-effects models, with moderating significance determined via LRT and Q tests. Multi-dimensional robustness tests were performed: studentized deleted residual (SDR) outlier diagnosis, Cook’s distance, DFBETAS statistics, and leave-one-out sensitivity analysis at the study level.
	Section 2.7–2.9
	Complete

	16
	Reporting bias assessment
	A multi-dimensional publication bias assessment framework adapted for three-level meta-analysis was constructed, including four tests: three-level funnel plot, three-level Egger’s regression test, three-level trim-and-fill method, and Orwin’s fail-safe N. The minimum meaningful effect threshold in educational research was set at Hedges’ g = 0.2, and the “5k+10” rule was used as the critical criterion for fail-safe N.
	Section 2.9
	Complete

	18
	Study selection
	Identification: 2810 records from database searches, 0 records from other sources. 2302 records remained after deduplication. Screening: 2214 records excluded at title/abstract stage; 88 articles proceeded to full-text assessment. Eligibility: 67 articles excluded at full-text stage, in line with pre-defined inclusion and exclusion criteria. Final inclusion: 21 independent studies, 41 effect sizes, total sample N = 3931. The number of included studies matches the number of reported studies.
	Section 2.4; Figure 2 (PRISMA Flow Diagram)
	Complete

	19
	Study characteristics
	21 studies, 41 effect sizes, and 3931 total participants were included. The sample covers all educational levels from primary school to university, and four subject areas: physics, chemistry, biology, and integrated science. The distribution of effect sizes and samples by educational level, subject, and intervention duration is reported. Methodological quality: 12 out of 14 RCTs (85.7%) were judged as low risk of bias; the average NOS score for 7 quasi-experimental studies was 6.8/9, all meeting medium or higher quality standards.
	Section 3.1; Table 1
	Complete

	20
	Risk of bias across studies
	The overall risk of bias for RCTs is low, with 85.7% of studies judged as overall low risk. Unclear risk in the blinding of participants and personnel domain is noted as a common limitation in educational research. Quasi-experimental studies have generally good methodological quality, with all NOS scores above the 5-point low-quality threshold.
	Section 3.1
	Complete

	21
	Results of individual studies
	Effect sizes of all included studies are presented in a forest plot, with point estimates and 95% confidence intervals for each study. Effect sizes range from g = -1.051 to g = 2.884. Full parameters of each effect size (Hedges’ g, standard error, 95% CI) are traceable via the forest plot and raw dataset.
	Figure 8 (Forest Plot); Table 1
	Complete

	22
	Results of syntheses
	(1) Main effect: VE exerts a statistically significant small-to-medium positive effect on scientific inquiry skills relative to PE (Hedges’ g = 0.454, 95% CI [0.081, 0.827], p < 0.05).
(2) Model comparison: The three-level model has significantly better fit than the two-level simplified models (all p < 0.01); the conventional two-level model underestimates standard errors by approximately 41%.
(3) Heterogeneity: Overall heterogeneity is statistically significant (Q(40) = 551.786, p < 0.001); 31.32% of total heterogeneity comes from within-study variation, 62.88% from between-study variation; ICC = 0.647.
(4) Moderating effects: The moderating effect of subject type approaches statistical significance (p = 0.079); the overall moderating effects of educational level, intervention duration, and inquiry skill dimension do not reach the significance threshold. Subgroup analysis shows significantly positive effects in the senior high school, physics, and 4–8 week medium-duration subgroups.
(5) Robustness: After outlier exclusion and leave-one-out analysis, pooled effect sizes fluctuate between 0.353 and 0.530, all remaining statistically significant, indicating high robustness of conclusions.
	Section 3.3–3.6; Tables 2–4
	Complete

	23
	Reporting biases
	Three-level Egger’s regression test showed no statistically significant regression coefficient for standard error (β = -0.650, p > 0.05), and no significant publication bias was detected. The three-level trim-and-fill method identified no missing studies to be imputed. Orwin’s fail-safe N was 2585, far exceeding the critical value of 115 (5k+10, k = 21), indicating that the impact of publication bias on research conclusions is negligible. The funnel plot shows a generally symmetric distribution.
	Section 3.2; Figure 3 (Funnel Plot)
	Complete

	25
	Discussion
	The discussion section systematically summarizes core findings and contextualizes them against existing empirical evidence. It interprets the boundary conditions and internal mechanisms of moderating effects, and proposes an integrated theoretical perspective of “cognitive-embodied dynamic balance”. Research contributions are elaborated from three dimensions: theoretical, methodological, and practical. Four categories of limitations are systematically discussed: sample representativeness, research scope, methodological boundaries, and measurement heterogeneity, with corresponding future research directions proposed.
	Section 4 (Discussion and Conclusions); Section 5 (Limitations and Future Directions)
	Complete
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