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Abstract. The integration of STEM (Science, Technology, Engineering,
and Mathematics) technologies into school curricula has become one of the key
global priorities in modern education. This approach aims to enhance students’
scientific literacy, foster critical and creative thinking, develop problem-solving
skills, and prepare them to meet the demands of the 21st-century labor market and
innovation-driven economy. STEM education goes beyond strengthening individual
subject competencies; through interdisciplinary integration, it connects theoretical
knowledge with practical experience, promotes research-oriented and teamwork
skills, and plays a crucial role in expanding students’ scientific worldview and
shaping their technological culture. The article aims to identify the pedagogical and
methodological foundations for applying STEM technologies in school settings and
to analyze effective strategies for improving interdisciplinary teaching. The study is
based on international systematic reviews and empirical research published between
2019 and 2025 and employs comparative and content analysis methods. Within the
context of Kazakhstan’s educational system, the research examines methodological
practices and specific features of STEM integration. The findings demonstrate that
implementing STEM strengthens conceptual links between disciplines, enhances
students’ ability to connect scientific ideas, develops their capacity for complex
problem analysis and decision-making, and increases learning motivation and civic
engagement. The article also highlights opportunities and challenges of introducing
STEM in resource-limited schools and provides practical recommendations for
curriculum development, teacher professional growth, and aligning STEM initiatives
with Kazakhstan’s national goals of digitalization and educational modernization.
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Annoramus. STEM (Science, Technology, Engineering, and Mathematics —
FBUIBIM, TEXHOJIOTHUS, UHXKCHEPHS JKOHE MaTeMaTHKa) TEXHOJOTHSUIAPBIH MEKTell
OaFrmapiiaMachiHa €HTI3y — Ka3ipri OutiM OepyiH xahaHAbIK OackiM OaFbITTapbIHBIH
Oipi. Bynm Tocin OKymIbUTApABIH FHUIBIMH  CayaTTBUIBIFBIH apTTHIPYFa, CHIHH
JKOHE IIBIFAPMAIIBUIBIK OHJIay KaOUIeTTepiH HaMbITyFa, KypAeli Mocelnenepi
HIenly JaFAblIapblH  KaJbIITACThIpyFa JkoHe XXI FachIpiblH €HOEK HapbIFbI
MEH WHHOBAITMSIJIBIK SKOHOMHKACHIHBIH TallaliTapblHa OcHiMaemyiHe MYMKiHIIK
oepeni. STEM-0imim Oepy TeK JKEKellereH IOHIIK KY3BIPETTEp/l IaMbITyMEH
LIEKTEIMEH, ToHApalIbIK HHTETpaLus HEeTi3iHAe OKyIIbUIapIblH TCOPUSIIBIK OLTIMIH
TOKIpHOEMEH YINTACTBIPY AapKbUIbl 3EPTTEYLIUNK JKOHE KOMAHIANBIK >KYMBIC
JAFIbIIapbIH KeTUIipyre biKman ereai. COHBIMEH Kartap, OJ OKYIIbLIApIbIH
FBUIBIMU TYHUETAHBIMBIH KEHEHTII, TEXHOJIOTHSIIBIK MOJICHUETIH KaJbIITACTHIPY/Ia
ey pes aTkapaasl. Makanana mekren karnaiisiaaa STEM TexHomorusapbia
KOJIIAHYAbIH TEAArOTUKANbIK JKOHE O/liCHAMAJbIK Herizaepi alKbIHAAJIBII,
MOHApaJIBIK  OKBITYABl JKETULHIpY >Koizapbl TangaHaisl. 3eprrey 2019-2025
KBUIJAPB KAPHsUTAaHFaH XaJbIKapajblK IKYHeNi IIomylap MeH SMITHPHKAIBIK
3eprreyaepre CyHeHir, CalbICTHIPMAITbBI )KOHE Ma3MYHJIBIK TaJJay dJiCTepi apKbLIbI
xkyprizinai. KazakcranasiH OimiM Oepy skyieciHiH KoHTekcTi Herizinme STEM
WHTETPAIHMSICHIHBIH 9/IiCTEMENIK TIKiprOenepi MeH MPaKTHKAIBIK epeKIIeTiKTepi
KapacTelpbulbl. 3eprrey HoTiKenepi STEM TexHONOTHsIapblH €Hri3y MOHAEP
apachlHAAFbl YFBIMABIK OailaHBICTBl KYIICHTETIHIH, OKYIIBUIAPIBIH FBHUIBIMH
uaessapabl 0alIaHbICTHIPY KaOUIETiH apTThIPaThIHBIH, ONAapAbIH MpoOieManapbl
KEIICH/II Taliay >KOHE INeNly Jaf/bUIapblH JIAMBITATBIHBIH, COHJAW-aK OKY
MOTHUBALMSCHIH OHE OCJICEHII a3aMaTThlK YCTaHBIMBIH KaJbIITACTHIPAThIHBIH
KepceTTi. Makamana pecypcrapsl mmekteyrm Mekrentepae STEM-mi eHrizymin
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MYMKIHIIKTepi MEH KMBIHBIKTAPbI alKbIHIAIIBII, OKY OaF1apiaManapblH KeTiAipy,
MyFaJTiMIepIiH KociOu naMybiH Koiay xkoHe STEM Oacramanapbeia Oiim Oepyai
UUQPIaHABIPY MEH JKAHFBIPTYABIH YJITTBIK OachIMJBIKTAphIMEH YHiecTipyre
OarpITTaIFaH HAKThI 9/IiCTEMEJTiK YChIHBIMIAP YKacalIbl.

Tyiiin ce3nep: STEM-06inim Oepy, moHapaIbIK OKBITY, )KapaThUTBICTAHY TIOH/IEPI,
XKOOAJIBIK OKBITY, )KYHETIK MOIEIbACY
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Annorauusi. Marerpanus STEM-texHonoruii (Science, Technology, Engineering,
and Mathematics — Hayka, TEXHOJIOTHsI, HH)KCHEPHs U MaTeMaTuka) B IIKOJbHBIE
[IPOTPAMMBI SIBIISIETCSI OTHUM M3 KJIFOUEBBIX INI00AEHBIX IPHOPUTETOB COBPEMEHHOTO
o0pa3zoBaHusi. DTOT MOAXON HAMpPaBJICH Ha IMOBBINIEHHE HAYYHOW TIPaMOTHOCTH
yUaIIuXcsl, Pa3BUTHE KPUTHUECKOTO M TBOPYECKOTO MBILIUICHHS, (OpPMUpOBaHUE
HaBBIKOB PEIEHHs CIOXKHBIX MPOOIEeM M aJanTaluio K TpeOOBaHUSIM PhIHKA TpyJa
1 uHHOBauuoHHo! skoHOoMHKH X XI Beka. STEM-o0pa3oBanne He OrpaHUYMBACTCS
pPa3BUTHEM OTJENbHBIX MPEAMETHBIX KOMIIETEHIUI: uepe3 MeXINUCIUIUINHAPHYIO
HHTETPAllMi0 OHO CIIOCOOCTBYeT OOBEAMHEHHIO TEOPETHYECKUX 3HAaHUH C
MPaKTUYECKUMHU YMEHHUSIMH, PA3BUTHIO UCCIIEIOBATENBCKUX U KOMAHTHBIX HABBIKOB.
Kpome Toro, oHO uUrpaeT BaKHYIO pojb B PacIIMPEHUH HAyYHOTO MUPOBO33PEHUS
ydamuxcsi ¥ (QOPMUPOBAHMU TEXHOJIOTHUYECKOM KynbTypel. Llems cratbm —
OIpENEINTh MeJarornueckue U MeTOAO0NOrHYeckrue ocHOBBI npumeneHns STEM-
TEXHOJIOTUH B HIKOJIBHBIX YCIOBUAX U POAHATU3UPOBATH ITyTH COBEPILIEHCTBOBAHUS
MEXIUCUUIUTMHApHOTO 00yueHus. MccinenoBaHne OCHOBAHO HA MEXKIyHapOIHBIX
CHCTEMaTHUECKUX 0030pax U SMIHUPHUUECKUX HCCIECNOBAHUIX, OMYOIMKOBaHHBIX B
2019-2025 romax, u peaqu30BaHO C UCHOIH30BAHUEM CPABHUTEIBHOTO U KOHTCHT-
aHanm3a. B koHTekcTe 00pazoBarenbHON cucTeMbl Kazaxcrana npoaHalIu3upOBaHbl
METOIUYECKUEe NpPaKTUKH MU ocobeHHoctn wuHTerpauun STEM. Pesynbrarsl
HCCIIEZIOBaHUS MOKa3bIBalOT, 4yTO BHeApeHue STEM ycunmBaeT NOHATHITHBIE
CBSI3U MEXAY NUCIMIUIMHAMM, Pa3BHBAET CIIOCOOHOCTDH yUalllMXCsl YCTaHABIMBATh

135 |@ ofe,




SCIENTIFIC JOURNAL OF PEDAGOGY AND ECONOMICS

B3aMMOCBSI3H MEXAY HAayYHBIMH HAESMH, (OPMHUPYET HaBBIKK KOMIUIEKCHOTO
aHaliM3a M peleHHs NpolneM, a TakKe IOBBILACT Y4YEeOHYI0 MOTHBALMIO H
IpaXIaHCKyI0 aKTUBHOCTb. B crarbe ompeneneHbl BO3MOXKHOCTH M TPYAHOCTH
BHeApeHuss STEM B mkojgax ¢ OrpaHMYEHHBIMH pecypcaMu U IPEACTaBIECHbI
MPaKTUYECKUE PEKOMEHJAIMH IO COBEPIICHCTBOBAHUIO YUYEOHBIX MpPOrpamm,
npodeccHOHaIbHOMY Pa3BUTHIO yuuTened u cormacoBaHuio STEM-uHUIMATHB C
HAIMOHAJIBHBIMH LENSIMH HU(PPOBU3ALUN U MOACPHU3ALNH 00pa30BaHuUsI.
KioueBbie ciaoBa: STEM-oOpa3oBanue, MeXAUCHMIUIMHApHOE OOy4eHHe,
€CTECTBEHHOHAYYHbIE TPEAMETHI, MPOEKTHOE 00yUeHHE, CHCTEMHOE MOACTHPOBAHHE

Introduction. The accelerating pace of scientific and technological progress
requires education systems worldwide to cultivate learners who are not only
proficient in discrete academic disciplines but also capable of integrating knowledge
across domains. The traditional compartmentalization of subjects such as physics,
chemistry, biology, and mathematics often results in fragmented understandings,
where students struggle to apply theoretical knowledge to real-world problems
(Holley & Park, 2020). In response, STEM education—an integrative approach
combining Science, Technology, Engineering, and Mathematics—has become a
central paradigm for educational reform at the school level.

STEM is more than a curricular framework; it is a pedagogical philosophy that
emphasizes interdisciplinary connections, project-based tasks, inquiry, engineering
design, and modeling. By engaging students in authentic problem-solving, STEM
nurtures higher-order thinking, creativity, and adaptability—skills critical for
addressing complex global challenges such as climate change, biodiversity loss, and
the transition to sustainable energy systems (Cole et al., 2024).

One of the defining features of STEM education is its capacity to foster
interdisciplinary learning. Interdisciplinary learning occurs when students connect
knowledge, skills, and methods from multiple subjects to construct a unified
understanding of phenomena. For example, a school project on water quality can
integrate chemistry (measuring pollutants), biology (studying ecosystems), physics
(using sensors for data collection), and mathematics (analyzing datasets). Such tasks
exemplify the holistic perspective that STEM aims to develop, where disciplinary
boundaries dissolve in the pursuit of solving real-world problems (Sezen-Barrie et
al., 2023).

Recent systematic reviews indicate that STEM-based approaches such as
project-based learning (PjBL), inquiry-based learning (IBL), engineering design, and
socioscientific reasoning consistently yield positive outcomes for interdisciplinary
integration (Restaino et al., 2024). Project-based approaches provide the backbone for
cross-disciplinary work, while inquiry and modeling strengthen systems reasoning.
Engineering design offers students opportunities to apply knowledge practically, and
socioscientific issue frameworks connect natural sciences with civic reasoning and
ethical analysis. Together, these approaches cultivate not only knowledge but also
skills, values, and agency.
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From 2019 to 2025, the number of school-focused integrated STEM studies
expanded rapidly, particularly in North America and Southeast Asia. These
studies explored a wide variety of topics—climate, water, waste/circular economy,
biodiversity, and energy—with strong emphasis on sustainability and problem-based
contexts. Evidence shows that students engaged in STEM projects demonstrate
stronger conceptual understanding, higher motivation, and increased capacity to act
as responsible citizens (Hakim et al., 2023).

Technology plays a pivotal role in enabling interdisciplinary integration.
Low-cost green kits, digital platforms such as iNaturalist, modeling tools, and
BIM-based simulations have expanded the scope of classroom STEM (Herodotou
et al., 2024). However, adoption remains uneven: climate and water-related
projects often leverage technology, whereas energy and justice/policy contexts are
less technologically integrated (Cole et al., 2024). This unevenness signals both a
challenge and an opportunity for curriculum designers to broaden the technological
dimension of interdisciplinary STEM.

In Kazakhstan, educational modernization has prioritized competence-based
learning through the XKanaprteuiran 6inim ma3myssl (Updated Content of Education).
While this curriculum includes elements supportive of cross-subject integration,
practical STEM-based interdisciplinary implementation remains limited. Teachers
frequently report insufficient methodological preparation, lack of interdisciplinary
teaching resources, and infrastructure gaps such as limited laboratory equipment and
digital tools (Izzah et al., 2023).

At the same time, government initiatives such as Digital Kazakhstan and the
growing emphasis on innovation-driven economic development provide fertile
ground for scaling STEM initiatives. Pilot projects in Nazarbayev Intellectual
Schools (NIS) and BINOM Schools, for example, demonstrate how interdisciplinary
projects can be embedded in natural science education. Yet systematic research on
the methodological foundations for STEM-based interdisciplinarity in Kazakhstan’s
schools is scarce. This represents a significant gap, particularly as policymakers seek
to align national education goals with global trends in digitalization and sustainability.

Against this backdrop, the present article explores the role of STEM technology in
fostering interdisciplinary connections in teaching natural science subjects at school.
It aims to: (1) clarify the theoretical and pedagogical foundations of interdisciplinary
integration within STEM education; (2) review and synthesize international evidence
on how STEM practices foster interdisciplinary competencies in natural science
subjects; (3) analyze the opportunities and challenges of STEM implementation
in Kazakhstan’s school system; and (4) offer methodological recommendations
for educators, curriculum developers, and policymakers seeking to strengthen
interdisciplinary teaching. The article is structured as follows: Section 2 presents
the theoretical framework underpinning interdisciplinary STEM learning; Section
3 reviews global experiences and case studies (2019-2025); Section 4 situates
the discussion within the Kazakhstani educational context; Section 5 discusses
methodological and policy implications; Section 6 concludes with recommendations.
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Literature Review

Global Expansion of Integrated STEM Research (2019-2025)

The past decade has witnessed rapid growth in research on STEM integration at
the school level, particularly where sustainability and interdisciplinarity intersect.
Systematic mapping of studies between 2019 and 2025 indicates a sharp acceleration
in publications after 2020, with North America and Southeast/East Asia leading in
output. This surge reflects global recognition that disciplinary silos cannot adequately
prepare students for complex socio-ecological challenges such as climate change,
biodiversity decline, or circular-economy transitions. Despite regional diversity, a
common theme emerges: integrated STEM is most effective when framed around
real-world issues. Studies repeatedly demonstrate that when students investigate
authentic contexts—such as water pollution, renewable energy, or disaster
preparedness—they more readily perceive how physics, chemistry, biology, and
mathematics interconnect (Sezen-Barrie et al., 2023).

Interdisciplinary Approaches in STEM Education

A variety of instructional designs underpin interdisciplinary STEM learning.
Each has distinctive features and outcomes (see Table 1 for a summary):

* Project-Based Learning (PjBL): Functions as the backbone for interdisciplinary
integration. Students engage in extended projects where natural sciences converge
with mathematics and engineering, producing artifacts or reports relevant to real
communities.

* Inquiry-Based Learning (IBL): Encourages scientific reasoning through
experimentation and evidence-based analysis, blending disciplinary tools into
unified investigations (Holley & Park, 2020).

* Engineering Design: Requires students to design solutions such as
renewable-energy devices or water-filtration systems, combining principles from
physics, chemistry, and mathematics (Jefferson et al., 2020).

* Modeling and Systems Thinking: Enables students to construct and refine models
of socio-ecological systems, reinforcing cross-subject coherence (Sezen-Barrie et
al., 2023).

* Socioscientific Issues (SSI): Promotes civic reasoning and ethical reflection
while applying natural science knowledge, e.g., debating biofuels or climate policies
(Zhu & He, 2022).

Thematic Focus Areas in Integrated STEM

Analysis of 42 empirical interventions shows strong clustering of STEM—-ESD
research around certain themes. Climate dominates, accounting for nearly one-third
of studies, followed by water and waste/circular economy. Biodiversity and energy
each constitute smaller but significant clusters, while disaster preparedness, built
environment, and justice/policy are comparatively underrepresented (Cole et al.,
2024; Restaino et al., 2024). This distribution is summarized in Figure 1.
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Figure 1. Distribution of Integrated STEM—ESD Studies by Theme (2019-2025)

The pattern demonstrates two key points. First, environmental science is the
dominant disciplinary anchor, showing the natural alignment between STEM and
sustainability. Second, gaps remain in energy literacy and justice-oriented education,
where interdisciplinary potential is high but underexplored.

Technology as a Lever for Integration

Technology serves as both enabler and challenge in interdisciplinary STEM.
Low-cost kits, sensors, and mobile apps make it possible to connect chemistry
experiments with physics measurements and mathematical modeling (Sharif et al.,
2021). Citizen-science platforms such as iNaturalist extend biology and geography
into authentic data practices, blending ICT and statistical reasoning (Herodotou et al.,
2024). However, studies caution that advanced tools such as BIM-based simulations
or serious games risk imposing excessive cognitive load unless scaffolded carefully.
Technology use also remains uneven: while water and waste/circular projects
exhibit high integration rates (~67%), energy and justice/policy projects show
minimal technological application (Cole et al., 2024). This indicates a design gap
where accessible technologies could be deployed to strengthen underrepresented
interdisciplinary areas.

Outcomes of Interdisciplinary STEM

Syntheses across four outcome domains—cognitive, affective, skills, and agency—
show consistent positive effects when STEM is implemented in interdisciplinary
forms (Maass et al., 2022). Table 1 summarises the dominant approaches, subjects
integrated, and strongest outcomes reported across representative studies.

Table 1. Summary of Interdisciplinary STEM Approaches and Outcomes

Approach Subjects Integrated Strongest Outcomes  Representative Studies
Project-Based Physics, Chemistry, Broad gains: cognition, Dung et al., 2023
Learning Biology, Math, ICT affect, skills, agency
Inquiry-Based Science, Math, ICT Cognitive literacy, Holley & Park, 2020
Learning critical thinking
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Engineering Design Physics, Chemistry,  Problem-solving, design Jefferson et al., 2020;

Math skills Wang et al., 2025
Modeling & Systems Biology, Chemistry, Systems reasoning, Sezen-Barrie et al.,
Thinking Math, ICT explanation coherence 2023; Cuong et al.,
2025
Socioscientific Issues = Natural sciences + civic = Agency, values, literacy Zhu & He, 2022
reasoning

Challenges in Implementing Interdisciplinary STEM

Despite promising outcomes, recurring barriers limit widespread adoption:
curriculum alignment, teacher preparation, assessment gaps, and equity issues. Table
3 (in the Discussion) synthesises common challenges and corresponding remedies
with supporting studies.

Synthesis

The literature demonstrates that STEM fosters interdisciplinary connections most
effectively through authentic, problem-based contexts supported by project work,
inquiry, modeling, and engineering design. Technology integration amplifies these
effects but requires careful scaffolding. The gaps in energy literacy, justice-oriented
education, and underrepresentation of certain regions (including Central Asia)
suggest directions for future work. This review thus establishes a clear rationale for
exploring how Kazakhstan can adopt and adapt STEM methodologies to strengthen
interdisciplinary teaching in natural sciences.

Materials and methods.

Research Design

This article employed a systematic review methodology to synthesize recent
international evidence on the role of STEM education in fostering interdisciplinary
connections across natural science subjects. Following the PRISMA 2020
framework, the review identified, screened, and coded peer-reviewed publications
between January 2019 and April 2025. The design is qualitative-interpretive, with
quantitative mapping of trends (e.g., topics, approaches, outcomes).

Databases and Search Strategy

Three major databases were used: Scopus, Web of Science Core Collection,
and SpringerLink. Searches were conducted with Boolean operators and keyword
blocks. The full search string blocks are summarised in Table 2.

Table 2. Search Strategy and Keywords

Keyword Block Search Terms
Integration “integrated STEM” OR “STEM education” OR “STEAM” OR “engineering
design” OR modeling OR “inquiry-based learning” OR “project-based
learning”

Sustainability / ESD  sustainab* OR ESD OR “climate change” OR energy OR water OR
biodivers* OR circular OR “waste” OR hazard* OR “built environment” OR
justice OR policy*

Education Context  school OR K—-12 OR “secondary education” OR “high school” OR “middle
school” OR teacher OR “pre-service” OR undergraduate*
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Inclusion and Exclusion Criteria

To ensure relevance, the following criteria were applied:

* Inclusion: (i) studies focused on STEM education at school or early undergraduate
level; (ii) explicit reference to interdisciplinary teaching or sustainability/ESD
contexts; (iii) reported empirical data (quantitative, qualitative, or mixed); (iv)
published in 2019-2025.

* Exclusion: (i) higher-education studies focused solely on advanced disciplinary
training; (ii) commentaries, opinion pieces, or purely conceptual papers without
implementation guidance; (iii) non-English publications.

Screening Process

Searches yielded 232 records. After removing duplicates (n = 34), 198
records remained. Title/abstract screening excluded 56 articles for lacking ESD
or interdisciplinary focus. Full-text screening excluded 93 additional studies for
methodological or contextual reasons. The final dataset included 49 studies, of
which 42 were empirical interventions and 7 were conceptual/methodological. The
PRISMA-style flow of study selection is depicted in Figure 2.

Records identified through database searching
(n=232)

I

Records after duplicates removed
(duplicates removed: n=34; remaining: n=198)

Records screened (title/abstract) |  Records excluded
(n=198) - (n=56)
Full-text articles assessed for eligibility Full-text excluded
(n=142) | with reasons (n = 93)

l

Studies included in the synthesis
(n=49)
Empirical interventions: n=42; Conceptual/methodological: n=7

Figure 2 - PRISMA-Style Flow Diagram of Study Selection

Data Extraction and Coding

A structured codebook was developed, piloted on 10% of the sample, and refined
iteratively. Extracted variables included: bibliographic information; subject anchors;
STEM approaches; sustainability topics; technology use; education level; outcomes;
and presence/absence of teacher professional development. Coding was performed
manually by two reviewers with cross-checking to ensure reliability.

Data Analysis

Analysis combined descriptive statistics (frequency counts, distributions) and
qualitative synthesis. Trends were visualised in figures (e.g., thematic distribution in
Figure 1), and a challenge-remedy map is provided in Table 3.
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Reliability and Validity

To enhance reliability, dual coding and consensus discussions were used. Validity
was strengthened by triangulating data across multiple databases and by aligning
coding with established frameworks (e.g., PRISMA 2020, ESD competencies).

Results and discussion

Interdisciplinary STEM as a Driver of Holistic Learning

The synthesis of 49 studies demonstrates that STEM education is most impactful
when designed to foster interdisciplinary connections across natural science
subjects (see Table 1). Evidence consistently indicates that approaches such as
PjBL, IBL, engineering design, and modeling provide opportunities for students to
integrate knowledge from physics, chemistry, biology, and mathematics in authentic
contexts (Sezen-Barrie et al.,, 2023). For instance, water-quality monitoring
projects link biology (ecosystems), chemistry (pollutants), physics (sensors), and
mathematics (data analysis), thereby giving students a systems-level perspective.
Renewable-energy tasks similarly converge physics, engineering, and mathematics
while promoting sustainable thinking (Hakim et al., 2023; Wang et al., 2025).

Theoretical Implications

Three theoretical perspectives are reinforced by the evidence: (1) Constructivism—
students actively build knowledge through meaningful, cross-disciplinary tasks
(Holley & Park, 2020); (2) Systems Thinking—modeling activities underscore the
interconnectedness of socio-ecological systems (Sezen-Barrie et al., 2023); and (3)
Socioscientific Reasoning—engagement with issues such as climate policy or biofuel
use links scientific literacy with civic and ethical reasoning (Zhu & He, 2022).

Practical Implications for Schools

From a practical standpoint, the review identifies several design principles that
schools can adopt: embed real-world contexts; use scaffolds for complex tasks
and simulations; integrate technology strategically; and diversify assessment to
capture interdisciplinary competencies (see Table 1 for approaches and Table 3 for
implementation remedies).

Challenges and Remedies

Recurring challenges and evidence-based remedies are synthesised in Table 3.

Table 3. Challenges and Remedies in Interdisciplinary STEM

Challenge Remedy / Strategy Supporting Studies
Curriculum alignment Co-produce locally relevant units with explicit Restaino et al., 2024
links to standards
Teacher preparation Provide professional development with video = Maass et al., 2022

reflection and interdisciplinary co-teaching
Assessment misalignment  Develop rubrics for evaluating models, designs, Sezen-Barrie et al.,

and arguments 2023
Technology and cognitive = Introduce low-cost kits first; scaffold complex =~ Sharif et al., 2021
load simulations with stepwise examples
Equity and access barriers ~ Provide transport, multilingual materials, and =~ Herodotou et al.,
budget support for disadvantaged schools 2024

Short intervention duration = Extend to multi-week or semester-long projects  Park & Kim, 2020
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Implications for Kazakhstan

For Kazakhstan, the findings offer several context-specific implications. The
JKanapreutran 611iM Ma3MyHbI curriculum encourages competencies and cross-subject
integration, yet implementation often remains surface-level. Interdisciplinary STEM
provides a concrete framework for operationalising these goals. Policy and practice
priorities include: embedding interdisciplinary projects aligned with national issues
(e.g., Aral Sea restoration; renewable energy in steppe regions; biodiversity in
national parks); PD focused on co-teaching and interdisciplinary design (piloted in
NIS and scaled to rural schools); targeted equity supports via low-cost kits and mobile
technologies; and infrastructure alignment through Digital Kazakhstan initiatives.

Contribution to Research and Policy

This discussion advances three contributions: (i) for research, it consolidates
fragmented evidence into a design-ready framework and highlights underexplored
domains (energy literacy; justice education); (ii) for practice, it provides actionable
remedies, emphasising technology scaffolding and assessment redesign; and (iii) for
policy, it aligns global evidence with Kazakhstan’s education reforms.

Limitations and Future Directions

The evidence base is uneven across regions, with few studies from Central Asia,
Africa, and Latin America. Instruments for measuring agency and long-term outcomes
are limited. Future research should conduct longitudinal studies of student agency
and transfer; expand to underrepresented geographies; develop validated assessment
tools for interdisciplinary competencies; and investigate cost-effectiveness of
technology integration in low-resource contexts.

Conclusion. This article examined the role of STEM education in fostering
interdisciplinary connections in the teaching of natural science subjects at school.
Drawing on a systematic review of studies published between 2019 and 2025,
as well as contextual insights from Kazakhstan’s education system, the study
demonstrated that STEM technologies and pedagogies can transform fragmented
subject instruction into coherent, problem-centred learning experiences.

Key Findings. First, STEM is inherently interdisciplinary when implemented
through project-based learning (PjBL), inquiry-based learning (IBL), modeling,
engineering design, and socioscientific issue (SSI) reasoning (Table 1). These
pedagogies consistently lead to stronger conceptual understanding, systems
thinking, and problem-solving skills, while also fostering student motivation and
civic agency. Second, technology is a critical enabler of interdisciplinarity; however,
adoption is uneven across themes, suggesting opportunities for targeted design.
Third, recurring challenges—curriculum alignment, teacher preparation, assessment,
equity, and cognitive load—can be addressed via co-produced units, structured
PD with reflection, rubric-based assessments, stepwise technology scaffolds, and
equity-oriented supports (Table 3).

Implications for Kazakhstan. Embedding authentic projects related to national
priorities—such as renewable energy, Aral Sea restoration, biodiversity protection,
and digital transformation—can enhance both disciplinary learning and real-world
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problem-solving. Teacher preparation is the most pressing lever, complemented by
equitable access to low-cost technologies and alignment with Digital Kazakhstan.

Contribution to Knowledge. The study (i) synthesises global evidence under
constructivist, systems-thinking, and socioscientific reasoning lenses; (ii) offers
design-ready recommendations for schools and teachers; and (iii) provides a
policy-relevant roadmap for aligning curriculum, teacher development, and
technology integration.

Final Reflection. STEM is notjust a content framework but a unifying methodology
for interdisciplinary education in natural sciences. Its successful implementation
requires deliberate design, systemic support, and contextual adaptation, but its
potential to empower students as knowledgeable, skilled, and active citizens is
unparalleled.
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