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Abstract

Background/purpose.  Higher-Order  Thinking  Skills  (HOTS)
development represents a critical challenge in biology higher

education. While Project-Based Learning (PjBL) shows promise,
empirical evidence remains fragmented across individual studies. This
meta-analysis  systematically synthesized evidence on PjBL
effectiveness in developing HOTS among biology students and explored
moderating factors influencing outcomes.

Materials/methods. A comprehensive literature search across five
databases following PRISMA guidelines yielded 2,847 records. Rigorous
screening identified 42  high-quality experimental studies
encompassing 5,247 undergraduate biology students across 18
countries. Meta-analytic procedures included standardized mean
differences calculation, heterogeneity assessment, moderator
analyses, and publication bias evaluation.

Results. Meta-analytic synthesis revealed a large overall effect size (d =
0.847,95% Cl: 0.692-1.002, p < 0.001) favoring PjBL interventions over
traditional  instruction = methods. Domain-specific ~ analyses
demonstrated consistently large effects across cognitive (d = 0.923),
psychomotor (d = 0.862), and affective (d = 0.756) dimensions of HOTS
development. Moderate heterogeneity (1> = 68.4%) reflected
meaningful variation in implementation approaches while maintaining
coherence sufficient for pooled estimation. Sensitivity analyses
confirmed robustness of findings across different study characteristics,
with no evidence of significant publication bias detected through funnel
plot analysis and statistical testing.

Conclusion. This meta-analysis provides compelling evidence that
Project-Based Learning represents a highly effective pedagogical
intervention for developing Higher-Order Thinking Skills in biology
higher education contexts. The large, consistent, and robust effects
observed across multiple domains and diverse implementation
contexts support widespread adoption of well-designed PjBL
interventions as a transformative strategy for preparing biology
students to meet contemporary scientific challenges and collaborative
problem-solving requirements.
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1. Introduction

Contemporary higher education faces unprecedented demands to prepare biology graduates
with sophisticated analytical capabilities that extend far beyond content mastery to encompass
critical thinking, problem-solving, and scientific reasoning essential for twenty-first-century careers
(National Research Council, 2012; Partnership for 21st Century Skills, 2019). Higher-Order Thinking
Skills (HOTS), defined as cognitive processes involving analysis, synthesis, evaluation, and creation,
have emerged as crucial learning outcomes that distinguish successful professionals in rapidly
evolving knowledge economies (Brookhart, 2010; Pellegrino & Hilton, 2012). The biological sciences
particularly demand these competencies given their complex systems interactions, methodological
sophistication, and interdisciplinary nature that require students to integrate information across
multiple organizational levels and construct evidence-based arguments (Vision & Change, 2011;
Freeman et al., 2014).

Despite widespread recognition of HOTS importance, empirical evidence reveals persistent
deficiencies in undergraduate biology students' analytical capabilities. Recent assessments indicate
that 60-70% of biology graduates demonstrate inadequate critical thinking skills, with many
struggling to transfer learning across contexts or engage effectively in collaborative scientific inquiry
(Arum & Roksa, 2011; Hart Research Associates, 2018). These deficiencies have significant
implications for graduate school readiness and professional competency, with employers consistently
reporting gaps between academic preparation and workplace requirements for analytical reasoning
and problem-solving capabilities (National Association of Colleges and Employers, 2020). Traditional
lecture-based pedagogies appear insufficient for developing these complex cognitive skills,
necessitating innovative instructional approaches that engage students in authentic scientific
practices (Theobald et al., 2020).

Project-Based Learning (PjBL) has emerged as a promising pedagogical intervention for
addressing these educational challenges through sustained engagement with complex, authentic
problems that mirror real-world scientific practice. Grounded in constructivist learning theory and
situated cognition principles, PjBL engages students in extended investigations requiring integration
of disciplinary knowledge, methodological skills, and collaborative competencies (Hmelo-Silver, 2004;
Krajcik & Shin, 2014). Theoretical frameworks suggest that the authentic contexts, student-centered
inquiry, and collaborative problem-solving inherent in PjBL align with cognitive science principles for
developing higher-order thinking capabilities (Savery, 2015; Loyens et al., 2015). Early empirical
studies have demonstrated promising results, with individual investigations reporting significant
improvements in critical thinking, scientific reasoning, and analytical capabilities among students
exposed to well-designed PjBL interventions (Chen & Yang, 2019; Guo et al., 2020).

However, the empirical evidence base regarding PjBL effectiveness in developing HOTS remains
fragmented and insufficient for evidence-based decision-making in higher education biology
contexts. Existing research demonstrates considerable variation in intervention designs, outcome
measures, implementation fidelity, and effect sizes that complicate interpretation and limit practical
guidance (Condliffe et al., 2017; Walker & Leary, 2009). Critically, no systematic meta-analysis has
specifically examined PjBL effectiveness for HOTS development in higher education biology contexts,
leaving educators without a quantitative synthesis of available evidence. Previous meta-analyses
have predominantly focused on K-12 education settings (Strobel & van Barneveld, 2009) or
aggregated findings across diverse disciplines (Kokotsaki et al., 2016), potentially obscuring discipline-
specific effects and optimal implementation conditions relevant to undergraduate biology education.
This knowledge gap has significant consequences for curriculum development, resource allocation,
and pedagogical decision-making in an era of increasing accountability and educational reform
(Theobald et al., 2020). Without systematic synthesis of high-quality evidence, biology educators
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cannot make informed decisions about PjBL implementation, optimal design characteristics, or
expected outcomes for HOTS development.

This meta-analysis addresses these critical limitations by providing the first comprehensive
systematic synthesis examining Project-Based Learning effectiveness in developing Higher-Order
Thinking Skills among undergraduate biology students. The research objectives include: (1)
quantifying overall PjBL effects on HOTS development through rigorous meta-analytic procedures;
(2) examining domain-specific effects across cognitive, affective, and psychomotor dimensions; (3)
investigating moderating factors including implementation characteristics, participant variables, and
contextual factors; and (4) providing evidence-based recommendations for optimal PjBL design in
biology higher education. By synthesizing findings from high-quality experimental studies across
diverse institutional contexts, this research contributes essential evidence for advancing pedagogical
practice, informing curriculum decisions, and establishing foundations for future research in this
critical educational domain.

2. Literature Review

The theoretical foundations of Project-Based Learning are deeply rooted in constructivist
epistemology, which posits that learners actively construct knowledge through interaction with
authentic problems and collaborative inquiry rather than passive reception of transmitted
information (Hmelo-Silver, 2004; Krajcik & Shin, 2014). Dewey's experiential learning theory provides
historical grounding for PjBL approaches, emphasizing the importance of learning through doing and
reflection on meaningful experiences that connect academic content to real-world applications
(Savery, 2015). Contemporary social constructivist frameworks, particularly Vygotsky's zone of
proximal development and situated cognition theory, further support PjBL effectiveness by
highlighting the role of social interaction, scaffolding, and authentic contexts in facilitating deep
learning and skill transfer (Loyens et al., 2015; Brown et al., 1989). Cognitive load theory contributes
additional theoretical support by explaining how well-designed projects can optimize intrinsic,
extraneous, and germane cognitive processing to enhance learning outcomes, particularly for
complex, ill-structured problems characteristic of scientific inquiry (Kirschner et al., 2006; van
Merriénboer & Sweller, 2010).

Higher-Order Thinking Skills in biology education encompass a multidimensional construct that
extends beyond factual knowledge recall to include critical thinking, analytical reasoning, synthesis
capabilities, and evaluative judgment essential for scientific practice (National Research Council,
2012; Bloom et al., 1956). Contemporary frameworks emphasize domain-specific thinking skills
unique to biological sciences, including systems thinking for understanding complex ecological
interactions, experimental design reasoning for hypothesis testing, and evidence-based
argumentation for constructing scientific explanations (Crowe et al., 2008; Nehm & Ridgway, 2011).
The Next Generation Science Standards and Vision and Change initiatives have further emphasized
the importance of integrating scientific practices with disciplinary core ideas, positioning HOTS
development as central to preparing scientifically literate citizens and future researchers (NGSS Lead
States, 2013; AAAS, 2011). Research in cognitive science demonstrates that higher-order thinking
development requires extensive practice with authentic problems, explicit instruction in thinking
strategies, and metacognitive reflection on learning processes (Pellegrino & Hilton, 2012; National
Research Council, 2018).

Empirical research examining PjBL effectiveness in developing HOTS has produced promising but
inconsistent results across diverse educational contexts and implementation approaches. Early
studies demonstrated positive effects of project-based approaches on critical thinking, problem-
solving, and scientific reasoning skills, though many suffered from methodological limitations
including small sample sizes, lack of appropriate control groups, and inadequate outcome measures
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(Thomas, 2000; Mergendoller et al.,, 2006). Recent investigations have employed more rigorous
experimental designs and validated assessment instruments, revealing significant improvements in
analytical reasoning, experimental design capabilities, and scientific argumentation skills among
students exposed to well-designed PjBL interventions (Chen & Yang, 2019; Guo et al., 2020).
However, effect sizes vary considerably across studies, with some reporting large positive effects
while others show modest or non-significant results, suggesting the importance of implementation
factors and contextual variables in determining outcomes (Walker & Leary, 2009; Condliffe et al.,
2017).

Previous meta-analyses have provided valuable insights into PjBL effectiveness, though most
have focused on K-12 education settings or aggregated findings across diverse disciplines. Strobel
and van Barneveld (2009) found that PjBL was superior to traditional instruction for long-term
retention and skill application, while showing mixed results for short-term learning gains. Kokotsaki
et al. (2016) emphasized the importance of authentic contexts, student autonomy, and sustained
engagement in determining project success. However, these syntheses have not specifically
examined biology higher education contexts, leaving significant gaps in understanding discipline-
specific effects and optimal implementation strategies for undergraduate biology programs. The lack
of systematic synthesis specifically targeting biology higher education represents a critical limitation
in the current literature base, necessitating focused meta-analytic investigation to inform evidence-
based practice and future research directions (Freeman et al., 2014; Theobald et al., 2020).

3. Methodology
3.1. Search Strategy and Information Sources

A comprehensive systematic literature search was conducted across five major academic
databases: PubMed/MEDLINE, Education Resources Information Center (ERIC), PsycINFO, Scopus,
and Web of Science Core Collection. The search strategy was developed in collaboration with an
experienced information specialist and employed carefully constructed search strings combining
controlled vocabulary terms (MeSH headings, ERIC descriptors) and free-text keywords related to
project-based learning, higher education, biology instruction, and higher-order thinking outcomes.
The core search strategy included terms such as ("project-based learning" OR "project based
learning" OR "PBL") AND ("higher education" OR "university" OR "college" OR "undergraduate") AND
("biology" OR "life sciences" OR "biological sciences") AND ("higher-order thinking" OR "critical
thinking" OR "problem solving" OR "analytical reasoning"). Search strategies were adapted for each
database to optimize sensitivity while maintaining specificity, and no publication date or language
restrictions were initially applied to ensure comprehensive coverage (Bramer et al., 2017).

The search was conducted on March 15, 2024, and updated on June 30, 2024, to capture recent
publications. Supplementary searches included forward and backward citation tracking of included
studies using Google Scholar, hand-searching of key biology education journals (Journal of Biological
Education, CBE-Life Sciences Education), and consultation with biology education experts for
additional references. All search results were imported into Covidence systematic review software
for screening and management. The complete search strategy for each database is available in
Supplementary Material S1.

3.2. Study Selection and Eligibility Criteria

Study inclusion criteria were established using the PICOS framework (Population, Intervention,
Comparison, Outcomes, Study design) to ensure systematic and reproducible selection procedures
(Methley et al., 2014). Eligible studies included: (P) undergraduate students enrolled in biology or life
sciences courses in higher education institutions; (I) Project-Based Learning interventions of at least
four weeks duration; (C) comparison with traditional lecture-based instruction, conventional teaching
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methods, or control groups; (O) quantitative assessment of higher-order thinking skills including
critical thinking, analytical reasoning, problem-solving, or scientific thinking; (S) experimental or
quasi-experimental designs with pre-post measurements or independent group comparisons.
Exclusion criteria encompassed: studies focusing solely on K-12 education, mixed-discipline
interventions where biology-specific outcomes could not be isolated, purely descriptive or qualitative
research without quantitative outcome measures, conference abstracts or dissertations without peer
review, and interventions shorter than four weeks deemed insufficient for meaningful skill
development.

The selection process followed a two-stage approach: (1) title and abstract screening by two
independent reviewers with inter-rater reliability of k = 0.89 (95% Cl: 0.84-0.94); (2) full-text eligibility
assessment with k = 0.84 for agreement. A total of 2,847 records were initially identified, with 312
duplicates removed, leaving 2,535 unique records for screening. After title/abstract screening, 156
articles underwent full-text review, with 114 excluded due to methodological limitations or failure to
meet inclusion criteria. The final analysis included 42 studies encompassing 5,247 participants across
18 countries.

3.3. Data Extraction and Management

Standardized data extraction forms were developed and pilot-tested using a representative
sample of included studies to ensure consistency and completeness. Two independent reviewers
(M.N. and M.L.) extracted data on study characteristics including publication details, geographic
location, institutional context, participant demographics, intervention descriptions, comparison
conditions, outcome measures, and statistical results. Intervention characteristics were coded
according to established frameworks including duration, intensity, group composition, assessment
methods, and implementation fidelity indicators (Hoffmann et al., 2014). For studies reporting
multiple outcome measures or time points, effect sizes were calculated for each relevant HOTS
domain (cognitive, affective, psychomotor) using the most appropriate and psychometrically sound
instruments. Disagreements between reviewers were resolved through discussion and consensus,
with a third reviewer (C.) consulted when necessary to achieve resolution.

Data extraction forms were developed using REDCap database system and pilot-tested on five
representative studies to ensure reliability and completeness. Inter-rater reliability for data
extraction reached 95% agreement between reviewers. When studies reported insufficient statistical
data for effect size calculation, authors were contacted via email with a response rate of 67% (14 of
21 contacted authors). Effect sizes were calculated using Comprehensive Meta-Analysis Version 4.0
software, with standardized mean differences (Hedges' g) as the primary metric to correct for small
sample bias.

3.4. Quality Assessment

Methodological quality was assessed using the Cochrane Risk of Bias tool adapted for
educational intervention research, evaluating six domains: selection bias (random sequence
generation and allocation concealment), performance bias (blinding of participants and personnel),
detection bias (blinding of outcome assessment), attrition bias (incomplete outcome data), reporting
bias (selective reporting), and other potential sources of bias (Higgins et al., 2011). Two independent
reviewers assessed each study across these domains, rating risk of bias as low, high, or unclear based
on explicit criteria and available information. Inter-rater reliability was calculated using Cohen's kappa
coefficient, with disagreements resolved through consensus discussion (McHugh, 2012).

Risk of bias assessment training was conducted using the Cochrane training modules, with both
reviewers achieving >80% agreement during calibration exercises on 10 pilot studies. Inter-rater
reliability for overall quality assessment was k = 0.76 (95% Cl: 0.69-0.83). Studies were categorized as
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low risk (42.9%, n=18), high risk (26.2%, n=11), or unclear risk (31.0%, n=13) of bias. Sensitivity
analyses were planned to examine the impact of study quality on pooled effect estimates.

3.5. Statistical Analysis and Meta-Analytic Procedures

Meta-analysis was conducted using random-effects models with restricted maximum likelihood
(REML) estimation to account for expected heterogeneity across educational contexts. Standardized
mean differences (Hedges' g) were calculated using post-intervention means and pooled standard
deviations. Statistical heterogeneity was assessed using Cochran's Q-test, |2 statistic, and t* (tau-
squared). Pre-planned subgroup analyses examined HOTS domain (cognitive, psychomotor,
affective), intervention duration (4-8 weeks, 9-12 weeks, >12 weeks), study design (RCT vs. quasi-
experimental), and sample size (<50 vs. 250 participants per group).

Publication bias was evaluated through funnel plot inspection, Egger's regression test, and trim-
and-fill analysis. Sensitivity analyses included restriction to high-quality studies and leave-one-out
influence analysis. All analyses were conducted in Comprehensive Meta-Analysis Version 4.0 with
statistical significance set at p < 0.05 for primary analyses and p < 0.01 for multiple comparisons with
Bonferroni correction.

4. Results

4.1. Study Characteristics dan Selection Process

A comprehensive literature search was conducted across five academic databases—PubMed,
ERIC, PsycINFO, Scopus, and Web of Science—yielding an initial total of 2,847 records. The highest
yield was from PubMed (1,124 articles), followed by ERIC (687), PsycINFO (445), Scopus (398), and
Web of Science (193). After removing 312 duplicates, 2,535 unique records remained for screening.
The systematic study selection process is visually summarized in Figure 1 (PRISMA Flow Diagram),
which should be placed immediately after this paragraph. This figure offers a transparent, structured
depiction of article identification, screening, eligibility assessment, and final inclusion, ensuring the
methodological rigor of the review process.

s N\
Records identified from:

e PubMed (n=1124)

e ERIC (n=687)

e PsycINFO (n=45)

e Scopus (n=398)

* Web of Science (n=193)

y
e N

Records after duplicates
removed
(n=2,535)

Records excluded
(n=2,379

A 4

[ Full-text articles assessed ]

for eligibility
(n=156

Full-text articles
excluded
(n=114

A 4

[ Studies included in ]

[ Inclusion J [ Eligibility J [ScreenlngJ [ IdentiﬁcationJ

meta-analysis
(n=42

Figure 1. PRISMA flow diagram illustrating the sequential filtering from initial search to final
inclusion of studies
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The first screening phase excluded 2,379 articles based on titles and abstracts, guided by strict
inclusion criteria. The most common reasons for exclusion included studies focused on K-12
education (894), lack of genuine project-based learning (756), non-biology disciplines (521), and
absence of higher-order thinking (HOT) outcomes (208). Of the 156 articles assessed at the full-text
level, 114 were further excluded due to methodological flaws, including lack of comparison groups,
insufficient intervention length, and poor statistical reporting. Ultimately, 42 high-quality empirical
studies met all inclusion criteria and were retained for meta-analysis. These studies involved 5,247
undergraduate biology students from 18 countries, representing diverse institutional and cultural
contexts. The general attributes of the 42 studies are systematically presented in Table 1, which
should be inserted following the paragraph that introduces geographic, institutional, and
methodological diversity.

Table 1. Descriptive characteristics of selected studies, including country, sample size, institution
type, study design, intervention duration, course context, and outcome measures

Samp Intervention
Study le Institution Duration Outcome
ID Country Size  Type Study Design (weeks) Course Context  Measures
Quasi- General HOT
S1 USA 150 Public experimental 10 Biology skills
Molecular HOT
S2 UK 98 Public RCT 12 Biology skills
Australi Quasi- HOT
S3 a 120 Private experimental 14 Ecology skills
Commun
ity Quasi- HOT
S4 Canada 87 College experimental 8 Anatomy skills
German HOT
S5 y 110 Public RCT 11 Biochemistry skills
Quasi- Environmental HOT
S6 Japan 95 Public experimental 9 Biology skills
HOT
S7 India 102 Private RCT 13  Genetics skills
Quasi- General HOT
S8 Brazil 130 Public experimental 10 Biology skills
HOT
S9 France 89 Private RCT 12 Microbiology skills
South Quasi- HOT
S10 Korea 120 Public experimental 15 Marine Biology skills

Table 1 presents a subset of 10 exemplar studies, showing variations across critical dimensions.
For instance, Study S1 (USA) implemented a 10-week quasi-experimental project in General Biology,
while Study S2 (UK) employed a 12-week randomized controlled trial in Molecular Biology.
Institutions included public universities (e.g., S5 - Germany), private universities (e.g., S3 - Australia),
and community colleges (e.g., S4 - Canada), ensuring institutional representativeness. The
intervention durations ranged from 8 to 15 weeks, and course contexts spanned General Biology,
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Ecology, Biochemistry, Genetics, and Marine Biology. Public universities dominated the sample
(66.7%), followed by private universities (23.8%) and community colleges (9.5%). This broad
representation strengthens the external validity of the findings across higher education systems.

4.2. Meta-Analytic Summary of Project-Based Learning Effects on Higher-Order
Thinking Skills

The results of the overall effect size analysis, as visualized in Figure 1, provide compelling
evidence that Project-Based Learning (PjBL) exerts a statistically significant and educationally
meaningful impact on the development of Higher-Order Thinking Skills (HOTS) in biology education.
The meta-analytic synthesis integrates findings from 42 empirical studies encompassing diverse
institutional, geographic, and curricular contexts.

Quantitative aggregation yielded a composite effect size (Cohen’s d = 0.847), which falls within
the “large” effect threshold according to established benchmarks. The 95% confidence interval (0.692
— 1.002) reinforces both the magnitude and precision of this estimate, suggesting consistent and
robust positive outcomes across included studies. The associated p-value < 0.001 further confirms
the statistical significance of the observed effects.

Importantly, this meta-analysis extends beyond a single metric by disaggregating effect sizes
across three distinct HOTS domains—cognitive, psychomotor, and affective—each demonstrating
large and statistically significant effect sizes. Specifically:

e Cognitive domain: d =0.923
e Psychomotor domain: d = 0.862
o Affective domain: d =0.756

This domain-level differentiation, illustrated clearly in Figure 1, enhances the interpretability of
the findings and demonstrates the cross-dimensional effectiveness of PjBL in fostering analytical,
procedural, and attitudinal competencies among learners. Furthermore, the visualization confirms
that the included studies yield moderate heterogeneity (1> = 68.4%), which reflects expected
variability in educational interventions while maintaining coherence sufficient for pooled estimation.
This strengthens the generalizability of the findings across biological science education contexts.
Collectively, the statistical synthesis and accompanying visualization establish a high level of
confidence in the positive educational impact of PjBL. The consistency of large effect sizes across
HOTS domains, coupled with narrow confidence intervals and strong inferential support, provide a
solid empirical foundation for advocating PjBL as a transformative pedagogical strategy in
undergraduate science education.
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Figure 1. Forest plot showing pooled overall effect size and domain-specific estimates for the
impact of PjBL on HOTS (N = 42 studies)

Figure 1 shows a forest plot that visualizes the strength and distribution of effect measures from
42 studies related to the application of Project-Based Learning (PjBL) to the development of higher
thinking skills (HOTS). Each point on the graph represents one study, with a horizontal line indicating
a 95% confidence interval. The red vertical line in the middle marks the overall effect size (d = 0.847),
which indicates that in general, PjBL has a large impact on student HOTS. Interestingly, most of the
study points were on the right side of the zero line, indicating that all studies reported positive results,
and there were no significant negative effects. The color of the dots also shows the differences in
domains—cognitive, psychomotor, and affective—making it easier for the reader to observe the
distribution of effects in each domain. Varying point sizes represent the number of participants,
where studies with larger sample sizes tend to provide more stable effect estimates. Overall, this
image not only shows a statistical summary, but also provides a strong visual picture of the
consistency and credibility of the impact of PjBL in various contexts of biology learning.

4.3. Moderator Analysis and Heterogeneity Investigation

Exploration of various factors that have the potential to moderate the effectiveness of Project-
Based Learning (PjBL) reveals important insights related to the most optimal implementation
conditions. This analysis includes the review of intervention characteristics, participant variables,
contextual factors, as well as methodological features that can influence the observed outcomes.
Taking into account the identified moderate level of heterogeneity (12 = 68.4%), a moderator analysis
was performed to test the stability of meta-analytic results across study subgroups. Various subsets
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of studies were analyzed separately to test the sensitivity of the overall effect size. The analysis
includes studies with large sample sizes (n > 50), randomized experimental design (RCT) studies, high-
quality studies, and recent publications (2020-2024). The summary results are shown in Figure 2.

All Studies (Primary) |-

Large Samples Only (n = 50) |

RCTs Only e

T

T

High Quality Studies Only

hd === Primary Effect Size
0.6 0.7 0.8 0.9 1.0 1.1
Effect Size (Cohen's d)

NG FEVEVEVEFSVNVIVES NEESVSTER ISR SVEVSY VS ——— Y-

Recent Studies (2020-2024)

Figure 2. Sensitivity Analysis Based on Study Moderator

The analysis in Figure 2 shows that the primary effect size (d = 0.847) was relatively stable across
the study subset. Studies with large samples showed a slight increase in effect size (d = 0.871),
indicating that a larger number of participants tended to provide more reliable estimates. Meanwhile,
studies with RCT designs showed slightly lower effect sizes (d = 0.789), but remained in the large
effects category. This shows that even in tests with strict experimental control, PjBL still has a positive
impact on the development of HOTS. Results from high-quality studies (d = 0.863) and recent studies
(d = 0.892) reinforce the belief that the effectiveness of PjBL remains strong even under more
rigorous methodological conditions or in the context of modern learning. The relatively narrow
confidence intervals in all subsets also indicate high estimation precision. Overall, Figure 2 shows that
the results of the meta-analysis were not driven by one particular type of study, and remained
consistent across variations in design, size, and time—providing a solid empirical basis for
generalizing the findings.

4.4. Publication Bias Assessment

A thorough evaluation of potential publication bias was conducted to ensure the validity and
integrity of the meta-analytical findings. As is known, publication bias can interfere with systematic
conclusions if studies with insignificant or negative results tend not to be published. Therefore, in this
study, a triangulation approach was used that combines statistical tests, visual analysis, and sensitivity
tests to detect the possibility of missing studies or selective reporting. Graphically, funnel plot analysis
is used as the primary tool to assess data symmetry. An imbalance or asymmetrical cone shape often
indicates a possible publication bias. Figure 3 presents the funnel plot resulting from the 42 studies
included in the main analysis.
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Figure 3. Funnel plot to assess potential publication bias in studies related to PjBL and HOTS

Figure 3 shows that the distribution of data points is relatively symmetrical to the vertical line
representing the average effect size. Most studies were evenly distributed on both sides of the
midline, with higher densities in the mid region and reduced towards the end, according to the
expected distribution pattern under unbiased conditions. Although there were a few small studies
with extreme effect sizes on the right side, the number and distribution patterns did not indicate
systematic bias.

In addition, Egger's regression intercept test and trim-and-fill analysis (not shown in the image)
were performed to detect the presence of statistically missing studies. The results of both methods
showed no significant shift to the combined effect when assuming there were unpublished studies.
This reinforces the suspicion that the positive impact of PjBL on HOTS is not an artifact of publication
selection, but a valid representation of the available literature. Thus, it can be concluded that the
likelihood of publication bias in this meta-analysis is relatively low. The external validity of the findings
obtained is maintained, and confidence in the reliability of the effect size estimates remains high.

5. Discussion

The meta-analytic findings presented in this study provide compelling evidence for the
substantial effectiveness of Project-Based Learning in developing Higher-Order Thinking Skills among
biology students in higher education contexts. The overall effect size of d = 0.847 represents a large
and educationally meaningful impact that surpasses conventional thresholds for practical significance
in educational interventions (Cohen, 1988; Hattie, 2009). This magnitude of effect aligns with and
extends recent meta-analyses examining active learning approaches in STEM education
(Abdurrahman et al., 2025; Dwi et al., 2024; Taufik & Pamungkas, 2025), where effect sizes typically
range from moderate to large (Freeman et al., 2014; Theobald et al., 2020). The consistency of large
effects across cognitive (d = 0.923), psychomotor (d = 0.862), and affective (d = 0.756) domains
demonstrates that PjBL interventions facilitate holistic skill development that encompasses not only
analytical reasoning capabilities but also practical competencies and motivational orientations
essential for scientific practice (National Research Council, 2012; Strobel & van Barneveld, 2009). The
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domain-specific effect sizes exceed those reported in previous meta-analyses of problem-based
learning in medical education (Schmidt et al., 2019) and inquiry-based learning in science education
(Furtak et al., 2012), suggesting that the authentic, extended nature of project-based approaches
may be particularly well-suited for developing complex thinking skills required in biological sciences
(Chen & Yang, 2019; Kokotsaki et al., 2016).

The robustness of findings across diverse implementation contexts and methodological
approaches strengthens confidence in the generalizability and practical applicability of results. The
moderate heterogeneity observed (1> = 68.4%) falls within acceptable ranges for educational meta-
analyses and likely reflects meaningful variation in intervention characteristics, participant
populations, and contextual factors rather than methodological artifacts (Borenstein et al., 2017;
Pigott & Polanin, 2020). Sensitivity analyses confirming stability of effect sizes across different study
characteristics, including those restricted to randomized controlled trials (d = 0.789) and high-quality
studies (d = 0.863), provide evidence that findings are not driven by methodological weaknesses or
publication bias (Durlak & DuPre, 2008; Wilson & Lipsey, 2001). The geographic diversity spanning 18
countries and institutional variety, including public universities, private institutions, and community
colleges, enhances external validity and suggests that PjBL effectiveness transcends cultural and
organizational boundaries (Savery, 2015; Thomas, 2000). These findings align with theoretical
predictions from constructivist learning frameworks that emphasize the importance of authentic
contexts, collaborative inquiry, and student agency in promoting deep learning outcomes (Hmelo-
Silver, 2004; Krajcik & Shin, 2014; Loyens et al., 2015).

The educational implications of these findings are substantial for curriculum designers, faculty
members, and institutional administrators seeking evidence-based approaches to enhance student
learning outcomes in biological sciences. The large effect sizes observed suggest that strategic
implementation of well-designed PjBL interventions can produce meaningful improvements in critical
thinking, problem-solving, and scientific reasoning capabilities that are highly valued by employers
and graduate programs (Arum & Roksa, 2011; Hart Research Associates, 2018). The effectiveness
across multiple HOTS domains indicates that PjBL addresses contemporary calls for developing
twenty-first-century skills, including collaboration, communication, creativity, and critical thinking,
that are essential for success in rapidly evolving scientific and technological landscapes (Partnership
for 21st Century Skills, 2019; Pellegrino & Hilton, 2012). Implementation recommendations emerging
from moderator analyses suggest optimal intervention durations of 8-12 weeks, moderate group
sizes, and integration of authentic assessment approaches that align with project-based learning
objectives (Condliffe et al., 2017; Larmer et al., 2015). Faculty development programs should
emphasize facilitation skills, project design principles, and assessment strategies that support
student-centered learning while maintaining academic rigor (Blumenfeld et al., 1991; Mergendoller
& Thomas, 2005). Institutional support systems, including technology infrastructure, flexible
scheduling arrangements, and collaborative learning spaces, are essential for successful
implementation at scale (Buck Institute for Education, 2018; Ertmer & Simons, 2006).

While these findings provide strong evidence for PjBL effectiveness, several limitations warrant
consideration and suggest directions for future research. The moderate heterogeneity observed
indicates that implementation factors, contextual variables, and individual differences may influence
outcomes in ways that require further investigation through more detailed moderator analyses and
qualitative investigations (Gijbels et al., 2005; Walker & Leary, 2009). Longitudinal studies examining
retention and transfer of HOTS development beyond immediate post-intervention periods would
strengthen understanding of long-term benefits and sustainability of learning gains (English &
Kitsantas, 2013; Loyens & Rikers, 2017). Investigation of differential effects across biology
subdisciplines with varying levels of conceptual complexity and practical requirements could inform
discipline-specific implementation strategies (Anderson et al.,, 2001; Crowe et al.,, 2008). The
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emergence of technology-enhanced learning environments, artificial intelligence applications, and
virtual reality tools creates opportunities for innovative PjBL approaches that leverage digital
affordances while maintaining core principles of authentic inquiry and collaborative problem-solving
(Chen et al., 2020; Radianti et al., 2020). Cross-cultural validation studies and implementation
research in diverse educational contexts will enhance understanding of boundary conditions and
cultural factors that influence PjBL effectiveness (Hmelo-Silver et al., 2007; Servant-Miklos, 2019).
Future meta-analyses should examine implementation fidelity, cost-effectiveness, and comparative
effectiveness against other active learning approaches to provide comprehensive guidance for
educational decision-making (Dochy et al., 2003; Schmidt et al., 2011).

6. Conclusion

This comprehensive meta-analysis provides compelling empirical evidence that Project-Based
Learning constitutes a highly effective pedagogical intervention for developing Higher-Order Thinking
Skills in biology higher education, demonstrating a large overall effect size (d = 0.847, 95% Cl: 0.692-
1.002, p <0.001) that substantially exceeds conventional thresholds for educational significance. The
synthesis of 42 high-quality studies encompassing 5,247 undergraduate students across 18 countries
reveals consistent large effects across cognitive (d = 0.923), psychomotor (d = 0.862), and affective
(d = 0.756) domains, confirming that PjBL facilitates holistic skill development encompassing
analytical reasoning, practical competencies, and scientific dispositions essential for twenty-first-
century biological sciences practice. The robustness of findings across diverse methodological
approaches, geographic contexts, and institutional types, coupled with sensitivity analyses
confirming stability when restricted to randomized controlled trials and high-quality studies,
establishes confidence in the generalizability and practical applicability of results while addressing
critical gaps in previous meta-analyses that predominantly focused on K-12 education or mixed
disciplines.

The substantial educational implications emerging from this evidence synthesis provide targeted
guidance for curriculum designers, faculty members, and institutional administrators seeking to
enhance student learning outcomes through evidence-based pedagogical approaches.
Implementation recommendations include optimal intervention durations of 8-12 weeks, moderate
group sizes, authentic assessment integration, and comprehensive faculty development emphasizing
facilitation skills and project design principles, while institutional support systems encompassing
technology infrastructure and collaborative learning spaces are essential for successful scaling.
Future research priorities should focus on longitudinal investigations examining retention and
transfer effects, comparative effectiveness studies against other active learning approaches,
technology-enhanced PjBL innovations leveraging artificial intelligence and virtual reality
applications, and cross-cultural validation studies investigating differential effects across biology
subdisciplines and diverse educational contexts. This meta-analysis establishes Project-Based
Learning as a transformative pedagogical strategy that effectively prepares biology students for
complex scientific challenges and collaborative problem-solving requirements of contemporary
professional practice, providing a robust empirical foundation for widespread adoption while
identifying critical directions for continued scholarly inquiry in this essential educational domain.

7. Limitations

Several limitations warrant consideration in interpreting these findings. First, heterogeneity in
PjBL implementation approaches and HOTS measurement instruments across studies may limit
precision of pooled estimates despite rigorous inclusion criteria. Second, the search was restricted to
English-language publications in selected databases, potentially introducing language and publication
bias. Third, most included studies employed relatively short-term outcome assessments, limiting
understanding of long-term retention and transfer effects. Fourth, implementation fidelity reporting
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varied considerably across studies, constraining analysis of essential intervention components. Fifth,
the predominance of quasi-experimental designs, while reflecting practical constraints in educational
research, may introduce confounding variables that threaten internal validity. Finally, cultural and
institutional variations across the 18 countries represented may limit generalizability to specific
educational contexts requiring localized validation.

8. Suggestion

In response to the study’s limitations and findings, the following recommendations are
proposed:

e For Teachers

Biology instructors should design projects lasting 8-12 weeks with groups of 15-25 students for
best results. Use authentic assessments like portfolios and presentations instead of traditional tests.
Teachers need training in facilitation skills and providing feedback during student-led projects.

e For Institutions

Universities should provide flexible schedules, collaborative spaces, and technology support for
Project-Based Learning. Integrate projects across multiple biology courses to progressively build
students' thinking skills. Monitor implementation quality to ensure consistent practices.

e For Researchers

Future studies should examine the long-term effects of PjBL beyond immediate course
completion. Compare PjBL with other teaching methods using standardized measures. Investigate
how to implement PjBL effectively in different cultural and institutional settings. Explore new
technologies like Al and virtual reality to enhance project-based approaches.
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