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This study aimed to develop and evaluate an interdisciplinary STEM learning mod-
el integrated with Education for Sustainable Development to enhance senior high
school students’ STEM literacy on environmental change topics. A mixed-methods
approach with a quasi-experimental pretest—posttest control group design was em-
ployed, supported by qualitative analysis of students’ learning processes. Quantita-
tive data were collected using a validated 24-item test measuring four dimensions of
STEM literacy science, technology, engineering, and mathematics and analyzed us-
ing comparative statistics and normalized gain. Qualitative data were analyzed the-
matically to examine students’ systemic understanding. The results showed that the
experimental group achieved higher improvement (mean pretest = 60.88; posttest =
93.39; normalized gain = 0.86, high) compared to the control group (mean pretest =
59.02; posttest = 85.87; normalized gain = 0.69, moderate). Across the four STEM
literacy dimensions, the experimental group reached the high category on science
(0.86), technology (0.89), engineering (0.81), and mathematics (0.75), whereas the
control group reached the high category only on engineering (0.74) and remained
in the moderate category on science (0.57), technology (0.68), and mathematics
(0.59). It can be concluded that integrating Education for Sustainable Development
into interdisciplinary STEM learning effectively enhances students’ holistic STEM
literacy and supports sustainability-oriented science learning.
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INTRODUCTION

The increasing complexity of global chal-
lenges, including environmental degradation,
biodiversity loss, pollution, and resource scarcity,
has become a critical concern worldwide, includ-
ing in Indonesia. These interconnected issues
are largely driven by human activities and rapid
technological development, requiring integrated
and multidisciplinary solutions (Segara, 2015;
United Nations, 2015). Addressing such complex
problems demands individuals who are able to
connect knowledge across disciplines and apply
scientific understanding in real-world contexts.

Education plays a crucial role in prepar-
ing learners to respond to these challenges. In the
context of sustainability, education is expected
not only to transmit knowledge but also to de-
velop competencies enable students to design
innovative and responsible solutions (UNESCO,
2017; OECD, 2018). One relevant framework is
Education for Sustainable Development (ESD),
which promotes the integration of environmen-
tal, social, and economic perspectives and en-
courages systems thinking and long-term decision
making (Rieckmann, 2018). However, sustain-
ability issues inherently require interdisciplinary
approaches go beyond single-subject learning.

Interdisciplinary learning integrates con-
cepts and perspectives from different disciplines
into coherent learning experiences centered on
real-world problems (Helmane & Briska, 2017).
Within this context, Science, Technology, Engi-
neering, and Mathematics (STEM) education
provides a strong pedagogical framework that
emphasizes problem solving, innovation, and
integration of knowledge and skills (Kelley &
Knowles, 2016). One of the main goals of STEM
education is to develop STEM literacy, defined as
ability to apply and integrate knowledge science,
technology, engineering, and mathematics to un-
derstand solve complex problems (Bybee, 2013).

Conceptuallyy, STEM and ESD have
complementary orientations. STEM focuses on
interdisciplinary problem solving, while ESD
emphasizes sustainability values and systemic
perspectives. The integration of both approaches
has potential to promote meaningful learning ex-
periences connect scientific understanding with
real-world sustainability challenges (Wiek et al.,
2016). Previous studies tend to implement ESD
within single disciplines or focus STEM learning
on technical product development rather than
fostering integrated understanding of environ-
mental systems (Thibaut et al., 2018; Wahono et
al., 2020). This indicates a gap in research on in-

tegration of interdisciplinary STEM and ESD to
enhance students’ STEM literacy, particularly in
environmental change contexts.

Empirical evidence on integrating STEM
and ESD remains mixed. Controlled interven-
tions show that systems-thinking tools embedded
in STEM simulations can improve students’ un-
derstanding of a sustainability problem, yet such
tools are rarely paired with validated instruments
to confirm that the STEM dimensions themselves
are strengthened (Green, Molloy, & Duggan,
2022). Likewise, longitudinal evidence indicates
that ESD interventions delivered in isolation from
a disciplinary problem-solving structure tend to
produce only modest and inconsistent gains in
students’ action competence for sustainability
(Olsson, Gericke, & Boeve-de Pauw, 2022).

In contrast, interdisciplinary STEM in-
struction that requires students to apply concepts
from several subjects within one authentic task
has been shown to significantly raise STEM lit-
eracy scores, indicating that success depends on
deliberate task design rather than mere themat-
ic overlap between subjects (Fang, Hsu, & Lin,
2019). Reviews of integrated STEM implementa-
tion further show that the most successful models
rely on sustained cross-subject teacher collabora-
tion, which is difficult to sustain when ESD con-
tent is appended to an existing STEM curricu-
lum instead of being co-designed with it (Kelley,
Knowles, Han, & Trice, 2021). In Indonesia spe-
cifically, scoping and systematic reviews report
that STEM implementation is still constrained
by teachers’ limited conceptual understanding
of integration and by inadequate learning facili-
ties, while explicit incorporation of sustainability
content across disciplines remains rare (Cahyanti
et al., 2024; Farwati et al., 2021). Teachers them-
selves report favorable attitudes toward STEM
for sustainable development but limited practical
guidance on how to operationalize it across sub-
jects (Rahman, Kaniawati, Riandi, & Hendaya-
na, 2023). Taken together, these findings suggest
that the central challenge is not whether STEM
and ESD are conceptually compatible, but how
their integration can be operationalized so that
sustainability content strengthens, rather than di-
lutes, students’ STEM literacy.

This challenge is particularly pressing
given the empirical condition of STEM literacy
among Indonesian students. National results
from the Programme for International Student
Assessment (PISA) 2022 show that Indonesian
15-year-old students achieved an average science
score of 383, well below the OECD average of
485, with a similarly wide gap in mathematics
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(OECD, 2023). These outcomes mirror systemic
constraints identified in Indonesian STEM educa-
tion research, including limited laboratory facili-
ties, uneven access to technology, and insufficient
teacher training in designing cross-disciplinary
instruction (Cahyanti et al., 2024; Farwati et al.,
2021). Within this context, environmental change
is a curriculum topic in which students are fre-
quently found to memorize causes and impacts
without connecting them to feasible technologi-
cal solutions or to the social and economic trade-
offs involved in addressing them, limiting the top-
ic’s potential to build integrated STEM literacy.

From an applied standpoint, integrating
disciplines beyond Science, Technology, Engi-
neering, and Mathematics into a single instruc-
tional unit is not straightforward within the In-
donesian senior high school system. Subjects
such as Biology, Sociology, and Economics are
typically taught separately by different teachers
within fixed weekly schedules that leave little
dedicated time for cross-subject planning or co-
teaching, even though the Merdeka Curriculum'’s
project-based strengthening of the Pancasila Stu-
dent Profile (P5) formally opens space for such
integration. In practice, many teachers report
that they lack concrete models for translating this
policy flexibility into a coherent interdisciplinary
lesson sequence, so that environmental projects
conducted under P5 activities are sometimes re-
duced to poster-making or awareness campaigns
that do not require the same scientific and math-
ematical reasoning as a full STEM engineering
task, leaving the policy’s intended STEM litera-
cy outcomes largely unrealized. Environmental
change was selected as the context for this study
because it is a mandatory Biology topic that di-
rectly touches students’ everyday environment
while also naturally inviting economic questions,
such as the cost and feasibility of mitigation tech-
nologies, and social questions, such as equitable
access to clean resources, thereby providing a
concrete, curriculum-anchored entry point for
interdisciplinary STEM-ESD instruction rather
than an artificially constructed topic.

Given this empirical and applied gap, this
study aims to develop and evaluate an interdis-
ciplinary STEM learning approach integrated
with Education for Sustainable Development to
enhance senior high school students’ STEM liter-
acy on environmental change topics. Specifically,
this study investigates whether the interdisciplin-
ary STEM-ESD approach improves students’
STEM literacy and examines differences in learn-
ing outcomes compared to conventional STEM
learning.

METHOD

This study employed a mixed-methods ap-
proach using an embedded quasi-experimental
design, in which quantitative data were prioriti-
zed and supported by qualitative data to enrich in-
terpretation (Creswell & Plano Clark, 2018). The
quantitative component applied a non-equivalent
control group pretest-posttest design to examine
effectiveness of interdisciplinary STEM learning
approach integrated Education for Sustainable
Development in improving students’ STEM lite-
racy. This design was selected because intact clas-
sroom groups were used, making random assign-
ment impractical (Fraenkel et al., 2012).

The participants were 72 tenth-grade stu-
dents from a public senior high school in Ban-
dung, Indonesia, selected through purposive
sampling. Two intact classes were assigned as an
experimental group (n = 36) and a control group
(n = 36). Both groups were taught the same to-
pic, environmental change, by the same teacher
to control instructional variability.

The instructional intervention was deve-
loped using the ADDIE model (Branch, 2009),
which includes analysis, design, development,
implementation, and evaluation stages. The expe-
rimental group received interdisciplinary STEM—
ESD instruction integrating Biology, Sociology,
and Economics through a project-based activity
involving the design of a solar-powered water pu-
rification system. In contrast, the control group
received conventional STEM instruction without
explicit interdisciplinary integration or sustaina-
bility orientation. The interdisciplinary project
was implemented over a three-week instructional
period comprising four classroom sessions of 3 X
45 minutes each, during which students sequen-
tially engaged with the scientific and engineering
design of the water purification system, an eco-
nomic feasibility analysis of the proposed solu-
tion, and a sociological analysis of community
access to clean water.

Data were collected using a 24 item vali-
dated multiple-choice test measuring four dimen-
sions STEM literacy. Content validity was evalu-
ated by experts, and reliability testing acceptable
internal consistency (Cronbach’s alpha>0.70).
Qualitative data were obtained through class-
room observations to capture students’ engage-
ment and application STEM concepts.

Data collection procedures included pre-
test, intervention, and posttest stages. Students’
learning improvement was analyzed using nor-
malized gain (Hake, 1999). Statistical analysis
employed the Wilcoxon signed-rank test to exa-
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mine within-group differences and the Mann—
Whitney U test to compare between groups.
Non-parametric tests were used based on data
distribution, with a significance level of 0.05.

RESULT AND DISCUSSION

The results showed that students’ STEM
literacy improved in both groups; however, the
improvement in the experimental group was sig-
nificantly higher than in the control group.

Table 1. Descriptive Statistics and Hypothesis Test Results

for the Experi 1 and Control Groups
Data Type Pretest Posttest
Group Experimental | Control | Experimental | Control
N 36 36 36 36
Highest score 75.00 75.00 100.00 100.00
Lowest score 3748 3748 83.30 66.68
Mean 60.88 39.02 93.39 85.87
Standard deviation 11.50 12.18 729 10.02
Gain Experimental 32.51 Control 26.83
N-Gain E"PE';';;? 088 | Control 0.69 (Moderate)
Normality Sig 0.0003 0.0043 0.0000015 0.0139
test_ - N
(5:;&1;@ I':;;‘:;’ Not normal uol\r::al Not normal m;\r;:al
Homogeneity | Sig 0.7786 02274
tfst ) Toterpre
(1-::32 : tation Homog - H -
Mann- Sig 0.337 0.0011
Whitey ¥ I'::_’ff Not ;;‘gi::‘“” Significantly different

Note: Sig. = significance value (p-valug); N-Gain categories follow Hake (1998):
High (z 2 0.7), Moderate (0.3 sfg <0.7), Low (g < 0.3).

The experimental group achieved a mean
score increase from 60.88 (pretest) to 93.39
(posttest), a gain of 32.51, with a normalized gain
(N-Gain) of 0.86 (high category). The control
group increased from a mean of 59.02 (pretest) to
85.87 (posttest), a gain of 26.85, with an N-Gain
of 0.69 (moderate category). The experimental
group also showed a smaller spread of scores at
posttest (SD = 7.29) than the control group (SD
= 10.02), indicating that the interdisciplinary
STEM-ESD treatment produced not only a lar-
ger average gain but also a more consistent imp-
rovement across students. These findings indicate
that the interdisciplinary STEM learning approa-
ch integrated with Education for Sustainable De-
velopment was more effective in enhancing stu-
dents’ STEM literacy than conventional STEM
learning. This finding is consistent with previous
studies reported in the Unnes Science Education
Journal which show that STEM-based learning
significantly improves students’ scientific literacy
and problem-solving skills (Wahono et al., 2018;
Sari & Nuswowati, 2019).

Prior to the intervention, the Shapiro-Wilk
test indicated that scores in both groups were not
normally distributed (experimental: p = 0.0005;
control: p = 0.0043), while Levene’s test con-
firmed that the two groups’ variances were ho-
mogeneous (p = 0.7786). Given the non-normal
distribution, the non-parametric Mann—Whitney
U test was used to compare the groups, and the
result (p = 0.337) confirmed that the experimen-
tal and control groups began the intervention
with comparable STEM literacy, ruling out prior
ability as an explanation for the difference in out-
comes that followed (see Table 1).

At posttest, scores in both groups again
departed from normality (Shapiro-Wilk: experi-
mental p = 0.0000015; control p = 0.0159), whi-
le variances remained homogeneous (Levene’s
test, p = 0.2274). The Mann—Whitney U test on
posttest scores showed a statistically significant
difference between the two groups (p = 0.0011),
confirming that the experimental group’s advan-
tage after treatment was not attributable to chan-
ce. This pattern is consistent with a genuine tre-
atment effect of the interdisciplinary STEM-ESD
approach on students’ overall STEM literacy,
rather than an artifact of pre-existing differences
between groups.

100 9490 95,36
84,71

91 .65 91.65
87.95
B4TL 8510
|

Science Technology Engineering Mathematics
Figure 1. Comparison of Mean Post-Test Scores
Across STEM Literacy Dimensions Between the
Experimental and Control Groups

Mean post-test score

40 -
0-

Table 2. Normalized gain (N-Gain) of STEM
literacy aspects in the experimental and control
groups

Aspect Experi- Category Control Category
mental Group
Group (N-Gain)
(N-Gain)
Science 0.86 High 0.57 Moderate
Technol- 0.89 High 0.68 Moderate
ogy
Engineer- 0.81 High 0.74 High
ing
Math- 0.75 High 0.59 Moderate
ematics
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Figure 1 shows that the experimental group
outperformed the control group on posttest sco-
res across all four STEM literacy aspects: science
(94.90 vs. 84.71), technology (95.36 vs. 84.71),
engineering (91.65 vs. 87.95), and mathematics
(91.65 vs. 86.10). This pattern was mirrored in
the normalized gain scores, where the experimen-
tal group reached the high category on all four as-
pects (N-Gain 0.75-0.89), while the control group
reached the high category only on engineering
(N-Gain 0.74) and remained in the moderate ca-
tegory on science, technology, and mathematics
(N-Gain 0.57-0.68). Notably, the largest experi-
mental-control gap appeared in technology litera-
cy, suggesting that the hands-on, iterative design
work involved in building the solar-powered puri-
fication device gave students in the experimental
group a distinct advantage in this dimension, one
that a lecture-based conventional approach was
less able to replicate. The relatively smaller gap
in engineering literacy, where both groups reach-
ed the high N-Gain category, indicates that some
engineering-related reasoning may transfer more
readily to students even without an integrated
project structure, an observation worth exploring
further in future studies. Taken together, these re-
sults confirm that the benefit of the interdiscipli-
nary STEM-ESD approach was not confined to a
single disciplinary dimension but extended across
science, technology, engineering, and mathema-
tics reasoning alike.

This improvement can be explained by
how the solar-powered water purification project
was structured, rather than merely by the fact that
it integrated multiple disciplines. Designing and
testing the purification system required students
to explain the underlying scientific principle of
solar-driven evaporation and filtration (science),
to select and justify appropriate materials and
construction techniques (engineering and techno-
logy), and to calculate purification efficiency, cost,
and output volume (mathematics) within a single
iterative design cycle. Because these dimensions
were required to solve one authentic problem rat-
her than practiced as separate exercises, students
could not strengthen one dimension in isolation;
each design decision immediately created a rea-
son to apply other three. This is consistent with
evidence that integrated STEM programs suc-
ceed when disciplinary content is embedded wit-
hin a shared authentic task and supported by de-
liberate cross-subject planning, rather than when
disciplines are simply taught in parallel (Kelley,
Knowles, Han, & Trice, 2021; Kelley & Knowles,
2016). It also aligns with findings that simulation-
and systems-based sustainability tasks strengthen

students’ ability to apply technical concepts to
real-world problems by making the consequences
of design choices immediately visible and testab-
le (Green, Molloy, & Duggan, 2022).

Furthermore, the incorporation of sustai-
nability perspectives through Education for Sus-
tainable Development enhanced the relevance of
learning by connecting scientific knowledge with
real-world environmental issues. Students were
not only engaged in technical problem solving
but also in evaluating environmental impacts and
sustainability considerations. Such learning expe-
riences foster systems thinking and support the
development of holistic STEM literacy (Rieck-
mann, 2018). In addition, STEM-based environ-
mental learning has been shown to enhance stu-
dents’ environmental literacy, particularly when
sustainability contexts are explicitly integrated
(Pratiwi & Supardi, 2020). This benefit, however,
is most likely to be sustained when sustainability
content is embedded within, rather than added
onto, a disciplinary task, since ESD interventions
delivered in isolation from a concrete problem-
solving structure have been shown to produce
only modest and inconsistent gains in students’
action competence for sustainability (Olsson, Ge-
ricke, & Boeve-de Pauw, 2022).

In addition, the integration of multiple
disciplines facilitated knowledge transfer across
domains. Science concepts provided explana-
tions of environmental phenomena, technology
and engineering supported solution design, and
mathematics enabled quantitative evaluation.
This interaction strengthened students’ ability to
analyze problems comprehensively rather than in
isolated disciplinary contexts. Previous studies
have shown that interdisciplinary STEM lear-
ning improves students’ ability to connect con-
cepts and apply knowledge in authentic contexts
(Thibaut et al., 2018). Compared to conventional
STEM learning, which tends to focus on pro-
cedural and fragmented knowledge, the interdis-
ciplinary STEM-ESD approach offered a more
meaningful and contextual learning experience.
This contributed to higher student engagement,
better conceptual understanding, and improved
learning outcomes.

Overall, the findings demonstrate that in-
tegrating interdisciplinary STEM learning with
Education for Sustainable Development provides
significant benefits in enhancing students’ STEM
literacy, particularly in environmental learning
contexts. This approach offers a practical fra-
mework for developing sustainability-oriented
competencies and preparing students to address
complex real-world problems.
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CONCLUSION

This study examined the effectiveness of
an interdisciplinary STEM-ESD learning appro-
ach in improving senior high school students’
STEM literacy on environmental change topics,
and the findings demonstrate that this approach
significantly enhances students’ STEM literacy
across all four dimensions science, technology,
engineering, and mathematics with students who
participated in interdisciplinary STEM-ESD
learning achieving higher posttest scores and
learning gains than those receiving conventional
STEM instruction; these results confirm that in-
tegrating Biology, Sociology, and Economics wit-
hin sustainability-based learning contexts creates
more meaningful learning experiences and st-
rengthens students’ ability to apply STEM know-
ledge to real-world environmental problems, whi-
le the statistically significant difference observed
between the experimental and control groups on
both the overall STEM literacy score and each of
the four dimensions further indicates that inter-
disciplinary integration combined with project-
based sustainability activities contributes more
effectively and more consistently to STEM litera-
cy development than conventional STEM appro-
aches. Theoretically, these findings provide empi-
rical support for interdisciplinary STEM-ESD as
an effective framework for fostering STEM litera-
cy in secondary education, and practically, they
suggest that STEM instruction should emphasi-
ze interdisciplinary collaboration and real-world
sustainability challenges to promote functional
and applicable STEM competencies; according-
ly, future studies are recommended to explore
broader implementation contexts and to examine
the long-term impact of interdisciplinary STEM-
ESD learning on students’ STEM competencies.

Future research is recommended to expand
the implementation of interdisciplinary STEM—
ESD learning across different educational levels
and subject domains to examine its broader app-
licability. Longitudinal studies are also needed to
investigate the sustainability of students’ STEM
literacy development over time.

In addition, future studies may integrate
digital technologies such as artificial intelligence,
simulation tools, or data analytics to strengthen
students’ technological and engineering literacy
components. Researchers are also encouraged to
explore teacher professional development models
that support interdisciplinary collaboration, as te-
acher readiness plays a critical role in successful
STEM-ESD implementation.

From a practical perspective, educators

and policymakers should consider embedding
sustainability-based interdisciplinary projects
into STEM curricula to promote authentic prob-
lem-solving skills aligned with 21%-century edu-
cational goals.
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