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Abstract

The development of higher-order thinking skills and
scienftific literacy is a central goal of contemporary science
education, particularly in Indonesia where instructional
innovation is unevenly implemented. This study examined
the effectiveness of STEM-based Project-Based Learning
(STEM-PjBL) in improving elementary students’ critical
thinking, creative thinking, and scientific literacy. A quasi-
experimental pretest—posttest control group design was
applied, involving experimental (STEM-PjBL) and control
(conventional insfruction) groups. Data were analyzed
using both frequentist and Bayesian approaches, including
Bayesian ANCOVA and Bayesian regression, to provide robust
evidence of instructional effects. The findings indicated that
studentsin the STEM-PjBL group showed significantly greater
gainsin allmeasured outcomes. Bayesian ANCOVA revealed
very sfrong evidence for the effect of STEM-PjBL on critical
thinking (BF = 16.15) and strong evidence on creative thinking
(BF = 5.28). However, the direct effect on scientific literacy
was weaker. Further Bayesian regression analysis showed
that scientific literacy was best predicted by the combined
contribution of critical and creative thinking (BF = 6.01),
accounting for 51.2% of the variance. These results suggest
that scientific literacy is primarily developed indirectly
through the enhancement of higher-order thinking skills.
Overall, the findings suggest that STEM-PjBL may serve as
an effective instructional approach for supporting deeper
cognitive development and meaningful science learning in
Indonesia contexts.
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Intfroduction

he modern education system aims to equip learners with

essential 21st-century competencies, including creafivity,
critical  thinking,  problem-solving, = communicafion,
collaboration, fechnological literacy, and life—career skills
(Demir & Onall, 2021). High-order cognitive abilities i.e. critical,
reflective, metacognitive, and creative thinking are widely
acknowledged as foundatfional capacities that enable
individuals to respond adaptively to complex scienfific,

533



I

iejee™

technological, and socio-environmental challenges
(Anthonysamy et al., 2025). Within many countries that
have experienced historical and structural inequalities
in economic and educational development, the
strengthening of higher-order thinking skills and
scientific literacy has become an important focus
of contemporary educational reform. In Indonesia,
particularly inregional areas such as Bima, educational
practices continue to encounter several challenges,
including limited learning resources, unequal
access fo quality instruction, and the persistence of
fraditional pedagogical approaches that emphasize
rote learning rather than conceptual understanding.
In this confext, fostering higher-order thinking skills
is considered an important pathway for supporting
students’ cognitive development and enhancing
their capacity to respond to contemporary social and
economic challenges (Costa & Cipolla, 2025).

Empirical evidence from elementary education
seffings in Bima Regency indicates that students’
critical thinking, creative thinking, and scientific
literacy remain at relatively low levels, revealing
notable gaps in their ability to interpret scientific
information, reason logically, and apply knowledge
to real-world situations (Nasor et al.,, 2023; Perdana et
al., 2020). These findings reflect challenges observed
in science education within Bima Regency, such
as limited learning resources, the persistence of
tfeacher-centered instructional practices, and limited
opportunities for inquiry-based and interdisciplinary
learning. Such conditions may influence students’
readiness to engage with scientific issues that are
increasingly relevant to local and global sustainability
challenges.

In alignment with global educatfional priorities,
contemporary  science education emphasizes
equipping students with the understanding and
skills necessary fo meaningfully apply scientific
knowledge in everyday contexts (Al-Barakat et al,
2025). STEM education has therefore emerged as
a sfrategic approach for enhancing educational
quality and equity by infegrafing science,
fechnology, engineering, and mafthematics info
coherent, authentic, and problem-oriented learning
experiences (Lavi et al., 2021). Particularly in Indonesia
contexts, STEM-infegrated insfruction offers strong
potential to confextualize learning within local
environmental and socio-cultural realities, thereby
strengthening cognitive engagement, supporting
higher-order thinking development, and fostfering
scientific literacy that is responsive to real community
needs. Furthermore, although STEM education
has demonsfrated promising oufcomes in many
educational contexts, its implementation and
effectiveness remain uneven across different regions.
In response to these challenges, this study specifically
examines the implementation of STEM-integrafted
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Project-Based Learning (STEM-PjBL) in elementary
education. The study aims to investigate how STEM-
PjBL can support the development of students’ critical
thinking, creative thinking, and scientific literacy.

Literature Review
The Implementation of STEM-PjBL Across Countries

To implement the STEM approach in the classroom fo
get good results, other learning models or approaches
are needed. In practice, discovery learning, project-
based learning, inquiry-based learning, and problem-
based learning can be combined with the STEM
approach (Al-Kamzari & Alias, 2025). One of the
tfeaching models that can activate and meet the
needs of diverse students is the PjBL model. Project-
based learning (PjBL) is one of the models that
emphasizes structuring independent learning through
practical experience projects. Through hands-on
activities, interactive discussions, independent tasks,
and/or teamwork, students are able to reach their
infended goals and construct their own knowledge
(Sager et al., 2025). STEM-PjBL has a positive impact on
a range of 21st-century skills, such as communication,
collaboration, problem-solving, creativity, critical
thinking, responsibility, environmental awareness, and
information technology literacy (Baran et al.,, 2021).

Several previous studies related to the STEM approach,
stfudies conducted by Santhosh et al. (2023) found
that STEM-integrated learning can improve students’
problem-solving abilities and engagement in science
learning. Tang et al. (2024) reported that STEM-based
instructional models support the development of
students’ critical thinking and collaborative skills
through inferdisciplinary learning activities. Similarly,
Intisari et al. (2024) demonstrated that integrating
STEM into classroom instruction can enhance
students’ creativity and conceptual understanding
of scientific concepts. In addition, Sager et al. (2025)
highlighted that project-oriented STEM learning
environments provide opportunities for students fo
apply scientific knowledge in real-world contexts,
thereby strengthening higher-order thinking skills.
Integrating PjBL with STEM can enhance effectiveness,
create purposeful learning experiences and
positively impact students’ mindsets toward their
future careers. Students have a favorable view of
combining PjBL with STEM. Integrated STEM education
is widely expected to prepare future generations
of learners to address real-world challenges by
applying interdisciplinary knowledge from science,
technology, engineering, and mathematics, while
also promoting critical thinking, collaboration, and
creativity (Baran et al.,, 2021). In contrast, Project-Based
Learning (PjBL) refers to a pedagogical approach
that organizes learning around authentic projects,
allowing students to investigate problems and
develop solutions through active inquiry. Although
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these two concepts are related, infegrated STEM
focuses on the interdisciplinary integration of subject
knowledge, whereas PjBL emphasizes the instructional
process through project-based activities. In this study,
both approaches are combined in the form of STEM-
infegrated Project-Based Learning (STEM-PjBL) to
facilitate interdisciplinary learning through authentic
project experiences.

In the other counftries, despite the relatively late
development of STEM education in Southeast Asig,
the field has attracted substantial global scholarly
attention. Between 2008 and 2022, a total of 490
Scopus-indexed  publications, including journal
articles, book chapters, and conference proceedings
addressed STEM education at the primary level in
the region, with conference papers accounting for
39.20% of the total output, indicating an emerging and
actively developing research field. Notably, Western
countries, partficularly the United States, dominate
the research landscape, positioning them as primary
knowledge producers, while country such as Indonesia
are increasingly becoming important research
contributors and contextual implementers (Le Thi Tuyet
etal, 2024).Inrecent years, STEM education has gained
increasing attention as an approach fo strengthening
students’ scientific understanding and problem-solving
skills. In the context of elementary education, early
exposure to STEM learning is considered important
for developing foundational scientific literacy,
curiosity, and higher-order thinking skills. Previous
studies suggest that intfroducing interdisciplinary STEM
learning experiences at the elementary level can
help students connect scientific concepts with real-
world situations and foster more meaningful learning
processes. One insfructional approach that has been
increasingly explored in this context is STEM-based
Project-Based Learning (STEM-PjBL), which combines
interdisciplinary STEM concepts with project-based
inquiry activities. Through authentic projects, students
are encouraged to explore problems, collaborate with
peers, and apply their knowledge to develop practical
solutions. Therefore, examining the implementation
of STEM-PJBL at the elementary level is important for
understanding how this approach can support the
development of students’ critical thinking, creative
thinking, and scientfific literacy in specific educational
contfexts such as Bima Regency. Consequently, STEM
education fends to stagnate at the policy level
and relies heavily on asymmetrical partnerships
among countries, reinforcing dependency. Emerging
scholarship therefore advocates for more vocational,
contfextual, and locally grounded STEM approaches
that infegrate humanities and indigenous knowledge
to better address community-based and sustainability
challenges (Mudaly & Chirikure, 2023).

Critical Thinking, Creative Thinking, and Scientific
Literacy

Critical thinking, creative thinking, and scientific
literacy are interrelated competencies (Nasution et all.,
2023) that play a crucial role in elementary science
learning, particularly within STEM-oriented Project-
Based Learning (PjBL). Critical thinking refers to students’
ability to analyze problems, evaluate evidence,
interpret information, and draw logical conclusions
based on scientific reasoning (Heard et al., 2020). In
learning about changes in the states of matter, critical
thinking enables students fo examine observable
phenomena, identify cause-effect relationships, and
justify explanations using scientific concepts. This
ability forms a cognitive foundatfion that supports
deeper understanding of science. While the creative
thinking complements critical thinking by enabling
students fo generate diverse and original ideas
when solving scientific problems (Putra et al., 2024).
In STEM-PjBL activities, creative thinking is reflected in
students’ ability to design projects, develop models or
experiments, and propose innovative solutions related
to real-life applications of changes in matter. While
critical thinking helps students assess the validity and
feasibility of ideas, creative thinking allows them to
explore multiple possibilities and transform scientific
knowledge intfo meaningful products or explanations
(Putra et al., 2025).

Furthermore, the scientific literacy represents the
infegration of scientific knowledge, thinking skills,
and the ability fo apply science in everyday confexts
(Alhusni et al,, 2024). Students who are scientifically
literate can explain natural phenomena, interpret
data, and make evidence-based decisions related
fo science and technology. Both critical and creative
thinking contribute directly tfo the development of
scientific literacy (Gédmiz-Aragodn et al,, 2025). Critical
thinking supports the evaluation and justification of
scientific claims, while creafive thinking enhances
students’ capacity to apply and communicate
scientfific understanding in flexible and innovative
ways. Therefore, critical fhinking is assumed fo
influence scientific literacy both directly and indirectly
through creaftive thinking, positioning creative thinking
as a mediating variable that strengthens the overall
development of scientific literacy in elementary
science learning (Pujiastuti & Fausan, 2024).

Crifical thinking has been widely associated with
scientific literacy, as students who are able to analyze
evidence, evaluate claims, and draw reasoned
conclusions are better equipped to understand and
apply scientific concepts (Garcia-Carmona, 2025). In
addition, critical thinking has been shown to support
creative thinking, as analytical and evaluative
processes enable students fo generate and refine
novel ideas (Hou et al, 2026). Creative thinking, in
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turn, plays an important role in scientific literacy by
enabling students to apply scientific knowledge
flexibly and innovatively in real-world contexts
(Oktaviani et al., 2023; Willemsen et al.,, 2023). Based on
these relationships, creative thinking is positioned as
a mediator in this study. This assumption is supported
by the view that higher-order thinking skills are
inferconnected, where critical thinking provides a
cognitive foundation for creative idea generation,
which subsequently contributes to the development
of scientific literacy.

Based on the conceptual framework of this study,
several research hypotheses are proposed fo examine
the relationships among STEM-Project-Based Learning
(STEM-PjBL), crifical thinking, creative thinking, and
scientific literacy.

1. H1: STEM-PjBL has a significant effect on
students’ crifical thinking, creative thinking,
and scientific literacy.

2. H2: Critical thinking has a significant effect
on students’ scientific literacy and creative
thinking.

3. H3:Creative thinking has a significant effect
on scientific literacy.

4. H4: Creatfive thinking mediates the
relationship between critical thinking and
scienftific literacy.

Methods

This research is guided by three research questions: (1)
How does STEM-based Project-Based Learning (PjBL)
affect students’ critical thinking, creative thinking, and
scientific literacy skills? (2) What are the relationships
among critical thinking, creatfive thinking, and
scientific literacy in elementary science learning?
and (3) How much does critical and creative thinking
confribute to scientific literacy? To address these
research questions, the study employed the following
research methodology.

Research Setting

This research employed a quasi-experimental design,
specifically a non-randomized control-group pretest—
posttest design, to examine the effectiveness of STEM-
oriented science instructional materials implemented
through Project-Based Learning (PjBL). Two intact
classes were selected as research participants and
assigned as the tfreatment and control groups without
random assignment, in accordance with existing
classroom condifions. Prior to the intervention, both
groups were administered a pretest fo measure
students’ initial levels of critical thinking, creativity,
and scientific literacy. The freatment group fthen
parficipated in learning activities using STEM-oriented
science insfructional mafterials infegrated info the
PJBL model, which engaged students in hands-on
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investigations, problem-solving tasks, collaborative
projects, and the application of science, technology,
engineering, and mathematics concepts. These
activities were designed around authentic problems
ond guided students through project planning,
implementation, experimentation, and presentation
sfages.

In contrast, the control group received instruction
using conventional teaching materials and
instructional strategies, without the integration
of STEM components or structured project-based
learning activities. Following the completion of the
instructional period, both groups were administered
a posttest using the same instruments as the pretest
to assess changes in students’ learning outcomes. The
effectiveness of the intervention was determined by
comparing the pretest and posttest scores between
the treatment and control groups. This design
allowed for the examination of the impact of STEM-
oriented instructional materials in a PjBL context while
conftrolling for students’ initial abilities. To control for
potential feacher effects, the intervention in both the
experimental and confrol groups was conducted by
the same instructor, namely the researcher, who holds
a Master’s degree in Primary Education. This approach
was intended to ensure consistency in instructional
delivery, classroom management, and assessment
procedures across groups.

Research Sample

The population of this study consisted of fourth-grade
sfudents from public elementary schools in Bima
Regency, West Nusa Tenggara, who were enrolled
in the first semester of the 2023/2024 academic year.
The research population were drawn from four public
elementary schools in Bima regency, namely Public
Elementary School Inpres Kala, Public Elementary
School Wadukopa, Public Elementary School Kala, and
Public Elementary School Doridungga, comprising a
fotal of four classes with 71 stfudents. Prior fo sample
selection, an equivalence fest was conducted to
ensure that the participating classes had comparable
initial academic abilities.

While, the research sample for this study included
fwo classes selected through purposive sampling
based on predetermined criteria aligned with the
research objectives (N=48). These criteria included
having a sufficient number of students, comparable
academic characteristics, and similar learning
environments. Based on these considerations, Public
Elementary School Wadukopa was designated as the
experimental group, consisting of 26 students, while
Public Elementary School Doridungga was assigned
as the control group, consisting of 22 students. The
purposive selection of these two schools was justified
by their suitability for the implementation of the
research intervention and their comparable student

536



Enhancing Critical Thinking, Creativity, and Scientific Literacy Skills through STEM-PjBL / Salam, Rohman & Mashfufah

characteristics, which supported a fair comparison
between the experimental and control groups.

Data Collecting Procedure

The data collection process was conducted in
several structured stages to ensure the accuracy
and reliability of the data obtained. First, preliminary
preparations were carried out by obtfaining research
permissions from the relevant educational authorities
and schools. Subsequently, an equivalence test was
administered to the participating classes to confirm
that the experimental and control groups had
comparable initial abilities. Prior to the implementation
of the intervention, both the experimental and control
groups were administered a pretest fo measure
students’ baseline levels of critical thinking, creativity,
and scientific literacy related to the topic of changes
in the states of matter. The pretest insfruments were
administered under the same conditions for both
groups to ensure consistency.

Following the pretest, the experimental group received
instruction using STEM-oriented science instructional
materials integrated with the Project-Based Learning
(PjBL) model. The learning activities were conducted
overseveralinstructionalsessions andinvolved problem
identification, project planning, experimentation, data
collection, product development, and presentation
(Figure 1). Students’ activities were described in
Table 1. In confrast, the confrol group received
instruction using conventional teaching materials
and instructional strategies without the integration of
STEM components or project-based learning. Upon
completion of the instructional intervention, a posttest
was administered to both groups using the same
instruments as the pretest. The posttest aimed to assess
changes in students’ crifical thinking, creativity, and
scientific literacy skills following the learning activifies.
The collected data from the pretest and posttest were
then compiled and prepared for statistical analysis
fo defermine the effectiveness of the STEM-oriented
science insfructional materials implemented through
Project-Based Learning.

Figure 1.
STEM-PJBL integration and learning phases
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Table 1.
STEM -PjBL Integration

STEM Approach PJBL Syntax Student Activities
Science (S) Formulating Students pose essential
Questions questions about what needs
to be done to solve the given
problem.
Technology, Designing the Students discuss and begin

Engineering (T, E)  Project Plan to design the project plan.
Roles are assigned within the
group, and students identify
and record the materials and
resources needed for the
project.

Science, Developing Students agree on the project

Technology, the Project schedule and pay aftention

Engineering (S, Schedule to the project deadlines.

TE)

Science, Monitoring Students develop the

Technology, Project Progress project and ensure that its

Engineering,
Mathematics (S,

implementation follows the
agreed schedule.

T, E, M)

Science, Assessing Students document project

Technology, Project stages and progress in a

Engineering, Outcomes report, discuss the feasibility

Mathematics (S, of the project, and submit the

T,E, M) final report fo the teacher/
evaluator.

Science (S) Reflecting Students present their project

on Learning
Experiences

results, receive feedback

and guidance from the
teacher, and record points for
improving their projects.

Research Instrument

Students’ higher-order thinking skills and scientific
literacy were measured using validated essay-type
and performance-based assessment instruments.
Critical thinking was defined as students’ ability to
intentionally and rationally analyze information,
evaluate evidence, and draw justified conclusions
beyond subjective judgment. Critical thinking
was assessed using an essay fest consisting of
five questions. Creative thinking refers to students’
capacity fo generate novel and well-structured
ideas and alternative perspectives in responding to
scientific problems and phenomena. This consfruct
was measured using an essay test consisting of four
questions. Scientific literacy was defined as students’
ability tfo understand, analyze, interpret, evaluate,
and solve scientific problems based on empirical
evidence and data. Scientific literacy was assessed
using writfen tfests comprising seven reasoning-
based questions. The scienftific literacy instrument
was developed and adapted fo suit fourth-grade
students’ cognitive levels, with attention to simplified
and age-appropriate language, contextually relevant
scenarios, and alignment with elementary science
competencies.
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Table 2.
Measured Variables and Indicators

No. Variable Indicators

1 Critical elementary clarification; basic support;
thinking inference; advanced clarification; and
strategy and factics in interacting with
others
2 Creatfive  Fluency; flexibility; originality; and elab-
thinking oration
3 Scientific  identifying valid scienfific claims;
Literacy conducting effective literature review;

understanding research design elements;
accurate data analysis; developing
appropriate graphs from relevant datg;
solving problems using quantitative and
basic statistical skills; and interpreting
statistical result

All instruments were validated by experts in science
and elementary education to ensure content validity.
Prior fo implementation, the instruments were pilot-
fested with students who had similar characteristics
tfo the research participants. The pilot data were
analyzed fo determine item validity using Pearson
correlation and instrument reliability using Cronbach’s
alpha. The results showed that all items had Pearson
correlation coefficients exceeding the minimum
threshold (r > 0.30), indicating acceptable item validity.
Furthermore, the instruments demonstrated high
reliability, with Cronbach’s alpha coefficients greater
than 0.70. These findings confirm that all instruments
met the criteria for validity and reliability and were
appropriate for use with fourth-grade students.

Data Analysis

Data analysis in this study was conducted using
both frequentist and Bayesian approaches to obtain

robust and complementary evidence regarding
the effectiveness of the instructional infervention.
Conventional Analysis of Covariance (ANCOVA)

was employed to determine the effect of STEM-
oriented science instructional materials implemented
through Project-Based Learning on students’ learning
oufcomes. Posttest scores of critical thinking,
creativity, and scientific literacy were freated as
dependent variables, the instructional model (STEM-
oriented PjBL and conventional instruction) served
as the independent variable, and pretest scores
were included as covariates to control for students’
initial abilities and reduce potential selection bias
between groups. Prior to ANCOVA, assumption tests
were conducted, including normality, homogeneity
of variances, linearity between covariates and
dependent variables, and homogeneity of regression
slopes. All analyses were performed at a significance
level of 0.05, and effect sizes were reported to estimate
the practical magnitude of the intervention effects.

To complement the frequentist analysis, Bayesian
ANCOVA was also applied to compare competing
statistical models representing different combinations
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of predictors (class, pretest scores, and null models).
Model comparison was conducted using Bayes Factors
(BF10), posterior model probabilities (P(M|data)), and
model error estimates, allowing direct quantification
of evidence in favor of the experimental model
relative to alternative explanations. This Bayesian
framework enabled probabilistic interpretation of
tfreatment effects and supported stronger inferences
regarding model plausibility. In addition, Bayesian
regression analysis was employed to examine the
predictive relationships among crifical  thinking,
creative thinking, and scientific literacy. This analysis
was used to test indirect effect patterns and fo explore
how higher-order thinking skills contribute to scientific
literacy development under the STEM-PJBL learning
environment. Posterior distributions, credible intervals,
and Bayes Factors were used to interpret the strength
and direction of these relationships, providing deeper
insight into the cognitive mechanisms underlying the
observed learning outcomes.

Result

We implemented STEM-PJBL learning for 8 weeks,
referring to the PjBL phases (Figure 1). Pretest and
posttest data were obtained before and after the
intervention. The research data were described
using the mean prefest and posttest scores for each
sample class based on the applied learning model. In
addifion, the percentage of change was calculated
for each of the measured variables: critical thinking
skills, creativity, and scientific literacy. The findings
should be inferpreted with caution due fo several
methodological limitations, including the relatively
small sample size, limited detail regarding assessment
instruments (e.g., scoring procedures and rubrics),
and the lack of extensive validation of the essay-
based fests, which may affect the reliability and
generalizability of the results. Furthermore, the data
were analyzed using descriptfive statfistical methods
fo calculate the mean scores and percentages of
students’ critfical thinking, creafive thinking, and
scientific literacy in the pretest and posttest. The mean
values derived from the prefest and posttest results
are presented in Table 3.

The results suggest that the experimental group
showed greater improvements than the confrol group
across the measured variables. For critical thinking
skills, the experimental group showed a substantial
effect (Cohen’s d = 3.87), whereas the control group
exhibited only a large effect (d = 0.81). This difference
is supported by a highly significant F value (F = 196.372,
p < .001) and a very high partial eta squared (n? =
.814), indicating that more than 81% of the variance in
critical thinking improvement can be aftributed fo the
instructional treatment. Similarly, for creafive thinking
skills, the experimental group achieved a substantial
effect (d = 4.568), while the control group demonstrated
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a moderate effect (d = 0.54). The significant F value (F
=137.201, p < .001) and high effect magnitude (n? = .753)
further confirm the strong impact of the intervention.
For scientific literacy, the experimental group also
showed a very large effect (d = 3.79), in contrast to the
moderate improvement observed in the control group
(d = 0.62). The significant F value (F = 73.933, p < .007)
and substantial partial eta squared (n? = .622) indicate
that approximately 62% of the variance in scientific
literacy gains is explained by the freatment.

Although the analysis revealed extremely large
effect sizes (Cohen’s d ranging from 3.79 to 4.58;
partial n? up fo 0.814), these estimates should be

sample sizes are known fo increase the likelihood of
effect size inflation and reduce estimate stability. As
such, the reported magnitudes may overrepresent
the true population effect. Future studies with larger
samples are necessary fo obfain more precise and
stable effect size estimates. Overall, these findings
demonstrate that there are differences in students’
critical thinking, creative thinking, and scientific
literacy outcomes between groups taught using the
STEM-PJBL approach. To determine the magnitude
and sfrength of these differences, Bayesian analysis
was subsequently conducted to estimate the Bayes
factors and evaluate the strength of evidence for the
instructional effects (Table 3, 4, and 5).

interpreted  with methodological caution. Small
Table 3.
Average critical thinking ability scores of students in the experimental and control classes
Average ! i
Variable Class Verog Cohens' D F value Sig.* Partial Efa
pre-test post-test Squared
M= 35.63 M=42.5
Conftrol ! ! 0.81 196.372 .000 .814
Critical think- ' SD=7.83 SD=9.01
ing skills ) M=34.61, M=76.34,
Experiment SD=12 48 SD=8.78 3.87
M=33.54, M=40.45,
Creative Conftrol SD=13.35 SD=12.22 0.54 137.201 .000 .753
thinking skills ) M=30.00, M=77.46,
Experiment SD=1098 SD=9.70 458
M=38.68, M=48.40,
Scientific Conftrol SD=1745 SD=13 49 0.62 73933 .000 622
literacy ) M=32.26, M=79.69,
Experiment SD=13.02 SD=1193 3.79
*Significance 0.05
Table 4.
Bayesian ANCOVA Model Comparison of Critical Thinking
Models P(M) P(M|data) BF, BF error %
PretestCritical + Class 0.250 0.835 15163 1.000
Class 0.250 0165 0.594 0198 2.842
Null model 0.250 2.613x10"® 7.840x107® 3131x10™ 2.842
PretestCritical 0.250 1.046x107° 3139x10"® 1.254x10 2.842
Table 5.
Bayesian ANCOVA Model Comparison of Creative Thinking
Models P(M) P(M|data) BF, BF . error %
Class 0.250 0.638 5.283 1.000
Class + PretestCreative 0.250 0.362 1.703 0.568 2.238
Null model 0.250 5.850x10" 1.765x107" 917110 1.427x107
PretestCreative 0.250 1.701x10° 5104x10" 2.667x10" 0.003
Table 6.
Bayesian ANCOVA Model Comparison of Scientific Literacy
Models P(M) P(M|data) BF, BF error %
Null model 0.250 0.433 2.294 1.000
Class 0.250 0.287 1.209 0.663 0.007
Class + PosttestLiteracy 0.250 0151 0.535 0.349 1.089
PosttestLiteracy 0.250 0128 0.441 0.296 0.003
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Bayesian ANCOVA provided further insight into
the strength of the instructional effects beyond
conventional significance testing. For critical thinking,
the model including both class and pretest scores
was decisively favored (P(M|data) = 0.835; BF = 1515),
indicating very strong evidence that the STEM-PjBL
intervention substantially influenced students’ critical
thinking while accounting for their initial ability. This
suggests that the observed gains were not merely
due to prior differences but were strongly atftributable
to the instructional approach. For creative thinking,
the class-only model was most supported (P(M|datal)
= 0.638; BF = 5.28), providing strong evidence that
the STEM-PjBL treatment played a meaningful role
in enhancing students’ creative thinking, largely
independent of their pretest performance. This finding
implies that the learning model itself served as a key
driver of creative skill development.

In contrast, for scientific literacy, the null model
received the highest support (P(M|data) = 0.433; BFqg
= 1.000), indicating insufficient Bayesian evidence to
confirm a reliable class effect. Although improvements
were observed descriptively, the Bayesian results
suggest that these gains may not yet be robust enough
fo be confidently attributed fo the intervention,
possibly reflecting the need for longer exposure or
additional literacy-focused scaffolding. This finding
should be interpreted cautiously in light of several
methodological limitations. The relatively small sample
size may have reduced the sensitivity of the analysis
and increased uncertainty in the estimates, while the
limited detail on assessment instruments, particularly
scoring procedures and rubric validation, may have
affected measurement precision. Additionally, the
short duration of the intervention may not have been
sufficient to produce substantial changes in scientific
literacy, a construct that typically develops over longer
periods. Therefore, these results should be considered
preliminary, and further studies with larger samples,
more robust instruments, and longer intervention
periods are recommended.

The Bayesian ANCOVA results indicate that scientific
literacy is best explained by the null model, suggesting
that differences between classes are not the primary
factor accounting for variations in students’ scientific
literacy scores. This finding should not be interpreted
as a weakness of the learning model, but rather as an
indication that scientific literacy conceptfualized in
this study as a final learning outcome is more strongly
shaped by students’ internal cognitive development.
While critical and creative thinking were found
fo be highly sensitive to the instructional design of
the STEM-PJBL model, scientific literacy appears fo
function as an infegrative outcome that emerges as a
consequence of transformed ways of thinking, rather
than as a result directly driven by class membership.
Accordingly, the STEM-PJBL model is understood fo
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influence scientific literacy indirectly, through its
capacity to strengthen critical and creative thinking,
which serve as essential conditions for developing
meaningful scientific understanding in the context of
climate change. This pattern may indicate a possible
role of scientific literacy as an outcome associated
with broader learning processes rather than solely as
a direct cognitive target of instructional intervention.

Following the Bayesian ANCOVA, raincloud plots
were used to visually illustrate group differences
and distributional overlap in  students’ posttest
performance, as shown in Figure 3.

Figure 3.
Raincloud Plot, (a) critical thinking, (b) creative thinking,
(d) scientific literacy
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The visual patterns in the raincloud plots closely
align with the Bayesiaon ANCOVA results, showing
pronounced disfributional separation for crifical
and creative thinking and substantial overlap for
scientific literacy, thereby corroborating the strength
and direction of the Bayesian evidence. Figure 3.q,
the experimental group shows a markedly higher
concenfration of posttest scores for critical thinking,
with most data points clustered at the upper score
range, whereas the control group scores remain
concenfrated at lower values. This visual separation
indicates a substantial improvement associated with
the STEM-PJBL treatment. While the Figure 3.b displays
a similar patftern for creative thinking, where the
experimental class demonstrates a clear upward shift
in score disfribution compared to the control class,
suggesting that the intervention strongly enhanced
students’ creative performance.

While Figure 3.c, the distributions for scientific literacy
show a more modest separation between groups.
Although the experimental class fends to achieve
higher scores, there is greater overlap with the
control group, indicating that the treatment effect
on scientific literacy is less pronounced than for the
fwo thinking skills. Overall, the raincloud plofs visually
confirm that STEM-PjBL produced substantial gains
in critical and creative thinking, while its effect on
scientific literacy appears comparatively weaker and
more variable. To further identify the factors that most
stfrongly predicted students’ learning outcomes, a
multiple regression analysis was conducted following
the Bayesian ANCOVA (Table 7). This analysis is used to
answer which components play the most important
role and which factors predict achievement.
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Table 7.
Bayesian Regression Model of the Relationship between Critical Thinking and Creative Thinking and Scientific
Literacy
Models P(M) P(M|data) BF,, BF,, R?
PosttestCritical + PosttestCreative 0.333 0.750 6.005 1.000 0.512
PosttestCreative 0167 0171 1.033 0.456 0.452
PosttestCritical 0167 0.079 0.427 0.210 0.431
Null model 0.333 5.263x10 1.063x10® 7.016x10¢ 0.000

Bayesian regression analysis revealed that students’
scientific literacy was best predicted by a combined
model of critical and creative thinking (P(M|data)
= 0.750; BF = 6.01), explaining 51.2% of the variance
in literacy scores. Meanwhile, creative thinking
confributes 45.2% to scientific literacy and critical
thinking 431%. These results suggest that scientific
literacy is associated with gainsin higher-order thinking
skills, with critical and creative thinking together
explaining a substantial portion of the variance. This
pattern indicates that improvements in scientific
literacy may be related to the development of these
thinking skills rather than being solely associated with
class membership.

Discussion

STEM-PJBL on Critical, Creative Thinking Skills, and
Scientific Literacy

Significance value and bayes factor shows that STEM-
PJBL were posing a positive influence on students
critical, creative thinking, and scienfific literacy. The
PJBL-STEM model is effective in improving students’
criticalthinking skills, which are essential for solving real-
world challenges (Guo et al., 2020). Through projects,
students are trained to be active, independent, and
think deeply insolving problems (Mashfufah et al., 2024).
The initial stage involves observing the environment
and formulating crifical guestions to understand the
problem. Higher-order questions encourage students
to think analytically and seek solutions based on
understanding the material (Facione, 2013; Weng et
al,, 2022). Experiments also strengthen critical thinking,
as students must connect data with concepts, fest
hypotheses, and evaluate results logically (Amanda
et al., 2023). The presentation of experimental results
frains students to express opinions, listen, and think
openly and rationally (Indahl et al., 2021).

Students are anticipated fo effectively adapt to
changes in their surroundings and be proficient in
addressing everyday problems (Mashfufah et al., 2024).
Creative thinking skillsinvolve the capacity to generate
innovative, flexible, and relevant ideas, in addition
to the capacity to connect current informatfion in
new and innovative ways (Karunarathne & Calma,
2024). Creativity refers to the act of producing novel
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and original concepts that can address or overcome
problems. More significantly, the novel outcomes
produced through such creative processes can offer
significant benefits to society (Balakrishnan, 2022).
Creative thinking skills are regarded as essential
competencies for the twenty-first century, enabling
us to stay adaptable and providing the ability fo
navigate the possibilities and obstacles of our dynamic
as well as rapidly evolving environment. A person’s
creative skills are developed through a variety of
activities (Sedayu et al, 2024). While, in STEM-based
PjBL learning, students’ creaftivity increases through
report writing activities. Students are trained to be
independent in gathering information, discussing it in
groups, and generating various ideas (Balakrishnan,
2022) This process stimulates higher-order thinking
skills such as creative thinking. Furthermore, when
presenting group results, creativity is further fostered
as students are encouraged to develop technical and
professional skills (Thornhill-Miller et al., 2023).

Experimentation and report writing also play
an imporfant role, as through an engaging and
informative writing process, students explore new
ideas and solutfions (Sun et al,, 2020). Writing triggers
divergent thinking that involves cognitive, affective,
and psychomotor aspects, and reflects students’
creativity in developing presentation mafterials.
The final stage of creativity formation is evaluation.
Evaluation with teaching materials helps students
understand the material, achieve learning objectives,
and enjoy the learning process (Tukiyo et al., 2024).
Students’ final products are tangible evidence of the
creaftivity that has developed during the learning
process.

While, science tfeaching materials based on the STEM
approachin PjBL have aninfluence on student science
literacy. These results are evidenced by the influence
during the ANCOVA test on students’ science literacy.
However, it appears that using teaching materials
is more powerful in empowering stfudents’ science
literacy than conventional learning as seen from the
average correlation. The results of this study show
that utilizing feaching materials grounded in the STEM
approach has a more positive effect on students’
scientific literacy in comparison fo traditional learning
methods. Scientific literacy is defined in various ways,
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but all definitions highlight the importance of students’
capacity fo use scientific knowledge in real-life,
practical situations contexts (Suryanti et al., 2024).

According to Mashfufah et al. (2024), contextual
learning that presents real problems can stimulate
students’ ability fo solve problems. The STEM
approach that links the environment with learning
helps students understand science concepts through
investigative activities (Shongwe, 2024). In the 21st
century, science literacy is important tfo deal with
advances in science and technology. The inifial
stage in building science literacy is fo arouse curiosity
and the ability to ask questions. Furthermore, group
sharing in science learning enables collaboration,
discussion and experimentation, which strengthens
concept understanding and scientific communication
skills (Sugianto, 2022). The next stage is analyzing
experimental results, fraining students fo record,
interpret data, and understand relationships between
variables. Science literacy includes the ability to
use science concepts for decision-making and
understand the links between science, technology,
society and development (OECD, 2021). The final stage
is evaluation, which aims to deepen understanding of
concepts, develop practical skills, and application of
knowledge in everyday life (Eymur & Cetin, 2024). This
evaluation is important for science education policy
and curriculum development (Zhang et al., 2023).

In contrast, conventional learning that focuses on
lectures tends to inhibit the development of student
creativity due to the lack of explorative activities
such as experiments, discussions, and problem
solving (Ndiung & Menggo, 2024). This strategy makes
students passive and less inferactive with the material.
Learning environments that are foo difficult also
hinder the learning process (Ghaleb, 2024). Therefore,
this approach needs fo be complemented with more
inferactive methods such as PjBL-STEM. The PjBL-
STEM model has been proven effective in improving
analytical  thinking  skills  through  observation,
experimentation, discussion and reflection. Compared
fo traditional learning, this approach is better able
tfo develop critical thinking skills by linking science
concepts to real contexts. Research also shows that
this model supports the development of 21st century
skills. The conventional learning that focuses on
lectures and memorization fends to make students
passive and lacks the development of critical skills
that are important in science literacy (Tan & Tee,
2021). While this method builds the knowledge base,
it is less effective in improving overall science literacy.
In contrast, STEM-based learning and PjBL are more
effective as they encourage active engagement,
development of cognitive and metfacognitive
abilities through real-life experiences (Nancy Mohd
Al Homad et al, 2024). It also strengthens practical
skills, collaboration and application of knowledge in
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a real-world context - key components of 21st century
science literacy.

Factors Contributing to Scientific Literacy

The Bayesian regression analysis indicates that
students’ scienftific literacy is most strongly predicted
by the combined model of critical and creative
thinking, as demonstrated by the dominance of the
PosttestCritical + PosttestCreative model (P(M|data) =
0.750; BF10 = 6.01), which explains 51.2% of the variance
in scientific literacy scores. This finding suggests that
scientific literacy may not be solely associated with
contfent exposure or class membership, but may also
relate to broader learning processes involving the
development of higher-order thinking skills. In other
words, improvements in scienfific literacy arise as
a consequence of enhanced critical and creative
thinking, which enable students fo meaningfully
interpret, apply, and evaluate scientific concepts in
real-world confexts. The significant confribufion of
critical thinking can be understood in relation fo the
characteristics of STEM-PJBL learning, which requires
students fo engage with authentic problems, inferpret
empirical data, evaluate evidence, and formulate
evidence-based conclusions (Nur Zakiyah et al., 2024;
Wang & Li, 2022). Throughout the project activities,
students conducted investigaftions on changes in
the states of maftter, observed and recorded melfing,
freezing, evaporation, condensation, and sublimation
processes, and analyzed how temperature influences
physical changes in everyday materials. These
processes directly foster students’ abilities fo question
assumptions, compare alternative solutions, and
assess data validity cognitive practices that form the
foundation of functional and contextualized scientific
literacy.

Furthermore, sfudents’ higher-order thinking skills,
particularly critical and creative thinking, appear to
be closely associated with scientific literacy outcomes.
The statistical analysis suggests that critical and
creaftive thinking together explain approximately 51%
of the variance in students’ scientific literacy within
this sample, indicating that cognitive factfors may
be strongly related to scientific literacy compared to
instructional approach alone in this context. These
findings suggest thaft scientific literacy may not simply
reflect exposure fo innovative feaching mafterials,
but may also relafe to students’ ability fo analyze
information, evaluate evidence, generate alternative
ideas, and apply scientific reasoning in real-life
confexts. Crifical thinking confributes to scienfific
literacy by enabling sfudents to evaluate claims,
interpret data, and justify conclusions based on
empirical evidence, while creative thinking supports
the generation of alternatfive explanations, flexible
problem-solving, and meaningful communication of
scientific ideas (Gomiz-Aragon et al.,, 2025). These two
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cognitive dimensions function synergistically. Stfudents
who think critically but lack creativity may struggle
to apply knowledge flexibly, whereas students who
are creative without strong critical evaluation may
generate ideas that lack scientific rigor.

Furthermore, the mediating role of creative thinking
strengthens this relationship, indicating that critical
thinking enhances scientific literacy both directly
and indirectly through creative thinking (Pujiastuti
& Fausan, 2024). This explains why the STEM-PjBL
approach becomes most effective when it actively
cultivates these thinking skills rather than merely
presenting project-based activities. Therefore, while
STEM-PJBL serves as an important pedagogical
vehicle, the findings highlight that critical and creative
thinking are the core drivers of students’ scientific
literacy development. Effective climate and science
education should thus prioritize instructional designs
that explicitly foster these higher-order thinking skills
fo ensure meaningful, fransferable, and sustained
scientific literacy among elementary students.

Research Limitation

The findings of this study indicate that the intervention
had a measurable effect on Critical, Creative Thinking
Skills, and Scientific Literacy, as evidenced by both
conventional ANCOVA and Bayesian analyses. The
use of these complementary analytfical approaches
strengthens the credibility of the results by providing
converging evidence from both frequentist and
probabilistic perspectives. However, these findings
should be inferpreted with caution. The relatively
small sample size (N = 48), drawn from two purposively
selected classes, may limit the generalizability of the
results beyond the specific research context. Although
the groups were selected based on comparable
academic characteristics and learning environments,
the use of non-random sampling intfroduces potfential
bias and constrains external validity. In addition,
the limited sample size may affect the robustness
of the statistical analyses. Smaller samples tend fo
reduce staftistical power and increase uncertainty
in parameter estimation. This issue is particularly
relevant in Bayesian analysis, where the influence of
prior assumptions may become more pronounced
under conditions of limited dafa. Consequently, while
the results consistently suggest a positive effect, the
precision and stability of these estimates should be
intferpreted carefully. These considerations highlight
the need for further research involving larger and more
diverse samples, ideally using probabilistic sampling
tfechnigues. Such approaches would enhance the
generalizability of fthe findings and provide more
stable estimates across both conventional and
Bayesian analytical frameworks.

Conclusion

Thisstudy examinedthe potentialeffectsof STEM-based
Project-Based Learning (STEM-PjBL) on elementary
students’ critical thinking, creative thinking, and
scientific literacy. The findings suggest that STEM-PjBL
was associated with improvements in students’ critical
and creative thinking skills within the context of this
study. However, the results for scientific literacy were
less conclusive, as the Bayesian analysis indicated
greater support for the null model, suggesting that the
intervention did not demonstrate a clear direct effect
on this outcome. Although improvements in thinking
skills were observed, claims regarding their role as
direct cognitive foundations for scientific literacy
should be inferpreted cautiously. The relationship
between these variables may be more complex
and was not explicitly tested in this study. Therefore,
the findings are best understood as preliminary
and exploratory, rather than definitive evidence of
effectiveness. Several limitations should be considered
when inferpreting these results, including the relatively
small sample size, the quasi-experimental design, the
short duration of the intervention, and the contextual
scope of the study. These factors may influence the
stability and generalizability of the findings. Future
research is recommended to involve larger and more
diverse samples, employ more rigorous experimental
or longitudinal designs, and incorporate more
comprehensive and developmentally appropriate
measures of scientific literacy. For educational
practice, STEM-PJBL may be considered a promising
instructional approach for supporting higher-order
thinking skills; however, its impact on scientific literacy
requires further empirical investigation.
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