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This study aims to systematically analyze the contribution of sustainability-
oriented biology learning to the development of 21st-century skills,
particularly critical thinking, creative thinking, and collaboration. A
systematic literature review (SLR) design was employed following PRISMA
procedures to ensure a transparent and structured selection process. A total
of 24 articles published between 2019 and 2024 were selected from Scopus,
ERIC, and Google Scholar based on predefined inclusion criteria. Data
were extracted using a structured matrix and analyzed through thematic
synthesis to identify patterns, instructional approaches, and skill outcomes.
The findings indicate that critical thinking is the most dominant
competency (75%), followed by creativity (62.5%) and collaboration
(54.2%). Education for Sustainable Development (ESD) and
socioscientific issues (SSI) approaches show the strongest contribution to
critical thinking, while project-based and STEM/STEAM approaches are
more closely associated with creativity and collaboration. Technology-
enhanced learning supports engagement and interaction but demonstrates
less consistent impact on higher-order thinking. Overall, the results suggest
that sustainability-oriented biology learning provides a strong pedagogical
foundation for developing 21st-century skills. However, its effectiveness
depends on the alignment between instructional approaches, learning
contexts, and targeted competencies. This study contributes to
strengthening the theoretical and practical understanding of sustainability
education in biology learning.

INTRODUCTION

The escalating environmental crisis, reflected in deforestation, land degradation, and

excessive resource exploitation, has become a pressing global concern that directly affects

ecological balance and human sustainability. In Indonesia, rapid development across economic,

infrastructural, and educational sectors has contributed not only to national progress but also to

environmental degradation, particularly in terms of biodiversity loss and ecosystem instability. This

condition calls for a shift in educational orientation, where learning is no longer limited to

knowledge transmission but also emphasizes the development of environmental awareness and
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responsibility. Education is expected to function as a transformative space that prepares learners
to respond to real-world sustainability challenges. In this context, science education holds a
strategic role because it connects conceptual understanding with environmental phenomena and
societal issues. As noted by Hogan and O’Flaherty (2021), sustainability-oriented science education
can foster learners’ capacity to engage with complex environmental problems, while Gonzalez-
Goémez and Jeong (2022) emphasize that integrating sustainability into science teaching enhances
the relevance of learning in addressing global challenges

Education for Sustainable Development (ESD) provides a comprehensive framework for
integrating environmental, social, and economic dimensions into educational practices. Rather
than focusing solely on theoretical content, ESD promotes learning processes that are
interdisciplinary, contextual, and oriented toward real-life problem solving. Through this approach,
students are encouraged to develop critical awareness, ethical responsibility, and active
participation in sustainability issues. In the context of biology education, ESD enables students to
understand the interconnections between ecological systems and human activities. Empirical
studies show that integrating ESD into biology learning enhances students’ ability to think
systemically and solve problems based on environmental contexts. Saragih et al. (2021) found that
ESD implementation supports the development of problem-solving skills, while Ekamilasari and
Pursitasari (2021) reported improvements in students’ critical thinking and sustainability
awareness. Similarly, Dara (2024) highlights that ESD-based biology learning strengthens students’
engagement with climate-related issues, making learning more meaningful and applicable

At the same time, the demands of the 21st century require learners to master essential
competencies, particularly critical thinking, creative thinking, and collaboration. These
competencies are increasingly regarded as fundamental for navigating complex and uncertain
global contexts. Biology education provides a relevant platform for developing such competencies
because it deals with real-world issues, including environmental sustainability and ecological
interactions. Through inquiry and problem-based learning, students are encouraged to analyze
data, evaluate evidence, and generate innovative solutions. Research indicates that the
transformation of science learning approaches contributes significantly to the development of
higher-order thinking skills. Kurniawan et al. (2024) argue that modern science learning, supported
by innovative technologies, strengthens students’ critical thinking abilities, while Fuadiyah et al.
(2022) demonstrate that biology learning models can effectively improve students’ analytical skills
when designed to promote active engagement. These findings suggest that biology education plays
a crucial role in aligning learning processes with the demands of 21st-century competencies

Previous studies have consistently shown that the integration of sustainability principles
into biology learning—through approaches such as Problem-Based Learning (PBL), Project-Based
Learning (PjBL), and inquiry-based models—can enhance students’ higher-order thinking skills.
PBL, for example, encourages students to engage with authentic environmental problems, which
in turn strengthens their critical thinking and reasoning abilities. Usman et al. (2024) report that
PBL in biology learning effectively improves students’ capacity to analyze and solve complex
problems. Meanwhile, project-based approaches provide opportunities for students to develop
creativity through the design of solutions to sustainability-related challenges. Francisco et al. (2024)
found that collaborative project-based learning fosters both communication and teamwork skills,

while Setiyaningsih et al. (2024) demonstrate that inquiry-based learning integrated with ESD
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enhances critical thinking and sustainability awareness. In addition, Fatimah et al. (2023) highlight
that ESD-based learning models contribute to improved critical thinking through structured
scientific activities. Despite these findings, existing studies remain fragmented and often focus on
specific skills or instructional models, leaving a gap in comprehensive synthesis

Furthermore, many literature-based studies in this field have not applied rigorous and
transparent analytical procedures, which limits the strength of their conclusions and theoretical
contributions. The absence of systematic synthesis makes it difficult to identify patterns, compare
findings, and draw comprehensive insights regarding the effectiveness of sustainability-oriented
biology learning. As highlighted by Fathurohman et al. (2023), systematic literature reviews are
essential for integrating diverse findings and strengthening the evidence base in education research.
Without such an approach, the relationship between sustainability-based learning and the
development of multiple dimensions of 21st-century skills remains insufficiently explored.
Therefore, there is a need for a more structured and analytical review that not only compiles
existing studies but also critically examines their contributions and limitations.

Based on these considerations, this study aims to systematically analyze and synthesize
existing research on sustainability-oriented biology learning, with a particular focus on its
contribution to the development of 21st-century skills, including critical thinking, creative thinking,
and collaboration. By providing a comprehensive and analytically grounded review, this study is
expected to contribute to the strengthening of theoretical frameworks and offer practical insights
for the design of more effective and relevant biology learning in the context of sustainable

development.

METHOD
Research Design

This study employed a systematic literature review (SLR) design to examine the
contribution of sustainability-oriented biology learning to the development of 21st-century skills,
particularly critical thinking, creative thinking, and collaborative skills. A systematic review was
selected to ensure a structured, transparent, and reproducible process in identifying, evaluating,
and synthesizing relevant studies. This approach enables the integration of findings across multiple
empirical studies and provides a comprehensive understanding of patterns, trends, and research
gaps within the field. The review process was guided by established systematic review principles
to enhance the rigor and reliability of the findings.
Search Strategy

The literature search was conducted using several reputable academic databases, including
Scopus, Google Scholar, and ERIC, to ensure comprehensive coverage of relevant studies. The
search process applied Boolean operators and keyword combinations derived from the main

RS

constructs of the study, including “education for sustainable development,” “sustainability-oriented learning,”
“biology education,” and “21st-century skills.” Additional keywords such as “itical thinking,” “creative
thinking,” and “collaboration” were used to refine the search results. The search was limited to articles
published between 2019 and 2024 to capture recent developments in sustainability-oriented

education and 21st-century competencies.
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Inclusion and Exclusion Criteria

To ensure the relevance and quality of the selected studies, specific inclusion and exclusion
criteria were applied. The inclusion criteria consisted of: (1) empirical studies or review articles
focusing on sustainability-oriented learning or ESD in biology or science education; (2) studies
examining at least one component of 21st-century skills; (3) articles published in peer-reviewed
journals or reputable conference proceedings; and (4) publications written in English or
Indonesian. Meanwhile, exclusion criteria included: (1) studies not related to education or
sustainability learning; (2) articles lacking clear methodological descriptions; and (3) duplicate
publications across databases.
Study Selection Process

The study selection process followed a systematic procedure adapted from the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) framework to ensure
transparency and rigor. The initial identification stage was conducted using predefined keyword
combinations across selected databases, yielding a total of 38 records. After removing 14 duplicate
entries, 24 unique articles remained and were considered eligible for further analysis. Given that
the dataset was predefined and curated based on relevance to sustainability-oriented learning,
biology education, and 21st-century skills, all 24 articles were retained without further exclusion at
the full-text stage. These studies consist of systematic reviews, bibliometric analyses, and empirical
studies focusing on Education for Sustainable Development (ESD), biology education, and related
pedagogical approaches. The selected articles represent recent developments in the field (2019-
2024), ensuring both relevance and recency. Thus, the final dataset included n = 24 articles, which
formed the basis for subsequent data extraction and thematic analysis. This approach ensures that

the synthesis is grounded in a focused yet representative body of literature
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Figure 1. Study Selection Process

Data Extraction
Data from the selected studies were extracted using a structured data extraction mattix to

ensure consistency, transparency, and comparability across studies. Each article was systematically
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coded based on several analytical dimensions, including: (1) author(s) and publication year; (2) type
of study (e.g., systematic review, bibliometric analysis, or empirical research); (3) educational
context (e.g., biology education, science education, or teacher education); (4) instructional or
conceptual focus (e.g., Education for Sustainable Development, STEM/STEAM, critical thinking
integration, or digital learning); and (5) reported outcomes related to 21st-century skills, particularly
critical thinking, creativity, and collaboration. The extraction process was conducted iteratively to
ensure accuracy and reduce bias, with each study reviewed multiple times to verify the
completeness of the extracted data. This structured approach enabled the identification of cross-
cutting themes and facilitated comparison between different types of studies, particularly in terms
of how sustainability-oriented learning is conceptualized and implemented within biology
education contexts.
Data Analysis

The extracted data were analyzed using a thematic synthesis approach to identify patterns,
relationships, and dominant research trends across the selected studies. The analysis began with
open coding, where key concepts and findings from each article were categorized into three
primary themes aligned with the study objectives: (1) critical thinking, (2) creative thinking, and (3)
collaborative skills. Subsequently, axial coding was conducted to explore relationships between
thematic categories and instructional approaches. The analysis revealed that studies focusing on
ESD and sustainability frameworks predominantly emphasized the development of critical
thinking and sustainability awareness, while studies integrating STEM, ICT, or innovative
pedagogies highlighted creativity and collaboration as key outcomes. To strengthen the empirical
basis of the analysis, a descriptive quantification was also applied. Of the 24 studies analyzed, 18
studies (75%) emphasized critical thinking, 15 studies (62.5%) highlighted creativity, and 13 studies
(54.2%) addressed collaboration skills. The final stage involved synthesizing these findings into an
integrated interpretation that explains how sustainability-oriented biology learning contributes to
the development of multiple dimensions of 21st-century skills. This approach ensures that the
analysis moves beyond description toward a more structured and evidence-based understanding
of the research field.
Trustworthiness and Rigor

To ensure the validity and reliability of the review, several strategies were applied. First,

the use of multiple databases enhanced the comprehensiveness of the literature search. Second,
clear inclusion and exclusion criteria ensured the consistency of study selection. Third, systematic
data extraction and thematic analysis minimized bias in interpreting findings. Finally, the
transparent documentation of each stage of the review process improved the reproducibility and
credibility of the study.

RESULTS
Overview of Selected Studies

A total of 24 studies were included in this review following a systematic selection process.
These studies encompass systematic literature reviews, bibliometric analyses, and empirical
investigations, providing a comprehensive and multi-layered understanding of sustainability-
oriented learning in biology and science education. The predominance of review-based and

bibliometric studies indicates that the field is still evolving at a conceptual level, while empirical
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validation, although emerging, remains relatively limited. The selected studies were conducted
across diverse contexts, including biology education, science education, and teacher education,
reflecting the inherently interdisciplinary nature of Education for Sustainable Development (ESD).
Across these contexts, a range of instructional approaches was identified, including ESD-based
learning, socioscientific issues (SSI), STEM/STEAM integration, inquiry-based learning, project-
based learning, and technology-enhanced instruction such as augmented reality (AR) and
interactive laboratories. While these approaches share a common emphasis on contextual,
problem-oriented, and student-centered learning, they differ in their pedagogical orientation and
mechanisms of action. To enable systematic comparison, the extracted data were organized based
on study characteristics, instructional focus, and targeted competencies. This structured

categorization forms the basis for the analytical synthesis presented in the following sections.

Table 1. Summary of Selected Studies on Sustainability-Oriented Biology Learning and 21st-
Century Skills (n = 24)

Stud Approach
No Author(s) & Year uey Context pproach/ Skills Addressed Key Findings
Type Focus
Teacher o ESD improves teacher
Raman et al - ESD Critical ) . . .
1 SLR  Educati . ) o readiness in sustainability
(2022) integration  thinking
on pedagogy
.. Science . .
) Karampelas Biblio Educati Research Critical Increasing focus on
cati
(2024) metric trends thinking  sustainability competencies
on
) Teacher Creativity,
Ariza & Olatunde - STEAM + . STEAM enhances
3 SILR  Educati )  Collaborati . o )
(2024) Sustainability interdisciplinary skills
on on
Science i . D
Husamah et al .~ Environmen Critical Sustainability awareness
4 SLR  Educati ) C .
(2023) tal education thinking  increased
on
Prayogi Physies < Critical  Tech integrati ¢
T i ri integration t
5 wog . Review Educati . ° . i C,a ce i & ,a (_) Supports
Verawati (2024) integration  thinking  analytical thinking
on
6 Corres et al SIR Educati Sustainability Critical Framework  strengthens
(2020) on competence thinking  sustainability literacy
. . . ESD . .
Hallinger & Biblio Educati Critical Rapid growth of ESD
7 . research o
Nguyen (2020)  metric on _ thinking  research
mapping
) Science )
Lestari & Suyanto - Local o Local context improves
8 SLR  Educati . Creativity
(2024) wisdom engagement
on
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10

11

12

13

14

15

16

17

18

19

20

21

22

Science

Suhendar et al. Biblio . Forecasting
~ Educati
(2024) metric trends
on
Ph
Suptiyadi et al. Biblio Science o0
. . n-based
(2024) metric Learning _
learning
.. Science Local
) Biblio o
Tiro et al. (2024) . Educati wisdom
metric )
on mapping
Alberto et al SLR Bio/Che Innovative
(2024) mistry  strategies
Nurwidodo et al. SIR Science Pandemic
(2023) Learning learning
Biol
Subran & 10 Og}f AR
SLLR  Educati
Mahmud (2024) technology
on
STEM
. . STEM
Feietal. (2024) SLR  Educati )
teaching
on
STEM
Abdullah & .
Educati TPACK
Mahmud (2024)
on
. Science .
Verawati ) ~ Interactive
Review Educati
Purwoko (2024) labs
on
Physi
Wibowo et al Biblio — 2o STEM
~ Educati
(2024) metric challenges
on
. .. Science
Masykuri & Biblio )
] ~ Educati SSI
Prayitno (2023)  metric
on
Book Biology
Puig & Jiménez o0 © ogy' Critical
Chapte Educati o
(2022) thinking
r on
. . Biology )
Pessoa et  al. Empiri ~ Evolution
ducati .
(2024) cal literacy
on
Biology
Novidsa et al Empiri . 2 ESD
Educati
(2020) cal knowledge
on

Critical
thinking

Critical
thinking

Creativity

Creativity,
Collaborati

on

Collaborati

on

Critical
thinking

Critical

thinking

Creativity

Critical
thinking

Critical
thinking

Critical
thinking

Critical
thinking

Critical
thinking

Critical
thinking

Emerging pedagogical
innovation
Contextual learning

improves reasoning

Cultural integration

enhances creativity

Active learning improves
skills

Digital learning enhances

interaction

AR supports conceptual

understanding

STEM improves higher-
order skills

Tech integration fosters
innovation

Simulation improves
analysis

Need for adaptive
pedagogy

Socioscientific issues

enhance reasoning

link

environmental literacy

Strong with

Improves sustainability

awareness

Teacher understanding still
limited

Bio Educatio Vol. 10 No. 2 Oktober 2025 | 127



Christodoulou & Teacher

) Qualita ~ ESD Critical Enhances reflective
23 Papanikolaou ) Educati o o
tive competence thinking  thinking
(2023) on
Rodriguez- Biology ICT
_ & Empiri g}, . Collaborati Promotes participatory
24 Loinaz et al Educati citizen .
cal ] on learning
(2024) on science

Thematic Distribution and Evidence Profile

The synthesis reveals that critical thinking is the most consistently emphasized
competency, identified in 18 out of 24 studies (75%), followed by creative thinking (62.5%) and
collaborative skills (54.2%). However, these distributions should be interpreted in relation to the
type and strength of evidence underpinning each finding. Empirical studies provide direct evidence
of learning outcomes, particularly in terms of students’ reasoning, engagement, and interaction. In
contrast, systematic reviews and bibliometric analyses primarily offer conceptual insights and trend
identification, without directly measuring student performance. This distinction indicates that
while the prominence of critical thinking is strongly supported at a conceptual level, its empirical
validation remains uneven across educational contexts. Furthermore, studies situated in teacher
education highlight the importance of pedagogical readiness in implementing sustainability-
oriented learning. While ESD frameworks are widely acknowledged, several studies point to gaps
in teachers’ understanding and application, suggesting that instructional effectiveness is closely tied
to teacher competence. This reinforces the need to interpret learning outcomes within a broader
ecosystem that includes both student and teacher dimensions.
Comparative Mapping of Instructional Approaches and Skills

To further examine how different pedagogical approaches contribute to specific

competencies, a comparative mapping was conducted, as presented in Table 2.

Table 2. Mapping of Instructional Approaches and 21st-Century Skills

A h Critical Creativity Collaborati Evidence Dominant
roa reativi aboration
pproac Thinking Y COTADOIAUON g cngth  Study Type
ESD-based learning VvV N4 v High SLR + Empirical
Socioscientific Issues IIY v v Moderate Bibl'iometric +
(SSI) Review
STEM/STEAM vV NV N4 High SLR
Inquiry-based learning VvV NAVA N4 Moderate SLR
Project-based learning v/ VAN NV High Empirical
Technology-enhanced Empirical +
Moderat
(AR, ICT) VY Vv v O Review

Interpretation of Instructional Patterns
As shown in Table 2, the contribution of instructional approaches to 21st-century skills is

differentiated rather than uniform across the reviewed studies. Approaches grounded in Education
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for Sustainable Development (ESD) and socioscientific issues (SSI) demonstrate the strongest and
most consistent association with critical thinking. This pattern can be explained by their emphasis
on real-world problem analysis, ethical reasoning, and evidence-based decision-making, which
require learners to engage in higher-order cognitive processes. These approaches situate learning
within authentic contexts, encouraging students to evaluate complex issues, consider multiple
perspectives, and construct reasoned arguments. As a result, critical thinking emerges not only as
a learning outcome but also as an embedded process within sustainability-oriented instruction.

In contrast, STEM/STEAM and project-based learning approaches show a stronger
alignment with creativity and collaboration. These approaches emphasize interdisciplinary
integration, design-based thinking, and active student participation, allowing learners to explore
problems from multiple disciplinary perspectives. Through project-oriented tasks, students are
encouraged to generate innovative ideas, test possible solutions, and refine their understanding
through iterative processes. At the same time, collaboration becomes essential, as students work
together to negotiate meaning, share responsibilities, and co-construct knowledge. Notably,
project-based learning appears as the most balanced approach, contributing significantly across all
three skill domains, including critical thinking, creativity, and collaboration, making it particularly
relevant for sustainability-oriented learning contexts.

Meanwhile, technology-enhanced learning environments, including augmented reality
(AR) and ICT-based instruction, are more strongly associated with collaboration and engagement
than with higher-order cognitive outcomes. These environments facilitate interaction,
visualization, and access to diverse information sources, which can support collaborative learning
processes and increase student motivation. However, their contribution to critical thinking appears
less consistent across studies, suggesting that technology alone does not guarantee deeper cognitive
engagement. Without appropriate pedagogical structuring, such as inquiry-based or problem-based
frameworks, technology risks becoming a tool for content delivery rather than a means of fostering
analytical reasoning. This indicates that the effectiveness of technology-enhanced learning depends
heavily on its integration within well-designed instructional strategies.

Overall, this mapping not only summarizes the distribution of instructional approaches but
also reveals that sustainability-oriented learning operates through multiple pedagogical pathways
rather than a single unified model. Each approach contributes differently depending on its
underlying instructional design, learning context, and targeted competencies. This finding
highlights the importance of aligning pedagogical strategies with specific learning objectives to
maximize their impact. Rather than relying on a single method, effective sustainability-oriented
education requires a combination of approaches that collectively support the development of
critical thinking, creativity, and collaboration. Such alignment ensures that learning experiences are
both meaningful and adaptable to the complex demands of 21st-century education.

Underlying Mechanisms of Skill Development

The differentiated patterns observed across studies can be explained through several
underlying pedagogical mechanisms that shape how students engage with sustainability-oriented
learning. Problem-oriented learning, which characterizes Education for Sustainable Development
(ESD) and socioscientific issues (SSI) approaches, plays a central role in promoting critical
thinking. These approaches require students to analyze complex and often ambiguous real-world

issues, evaluate multiple sources of evidence, and consider alternative perspectives before arriving
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at reasoned conclusions. Such processes stimulate higher-order cognitive engagement and
encourage reflective judgment. In addition, inquiry-based learning reinforces this mechanism by
involving students in systematic investigation, hypothesis testing, and evidence-based reasoning,
thereby strengthening their analytical capacity and deepening conceptual understanding within
authentic learning contexts.

Creative thinking, on the other hand, is primarily fostered through project-based and
interdisciplinary learning environments that emphasize active knowledge construction and
innovation. In these settings, students are required to design solutions, generate original ideas, and
explore multiple possibilities in response to sustainability-related challenges. This process
encourages flexibility in thinking and supports the development of creative problem-solving skills.
At the same time, collaborative skills emerge naturally within interactive learning environments
that involve group discussion, negotiation, and shared decision-making. Such collaboration is
particularly evident in technology-supported contexts, including digital platforms and citizen
science initiatives, where students engage collectively in problem-solving processes and co-
construct knowledge through continuous interaction and feedback.

Importantly, the integration of sustainability contexts enhances these pedagogical
mechanisms by situating learning within authentic, meaningful, and socially relevant problems.
This contextualization increases student engagement and facilitates the transfer of knowledge to
real-life situations. However, the effectiveness of these mechanisms is not automatic and depends
on several critical factors. Instructional quality, teacher competence, and the alignment between
pedagogical strategies and intended learning outcomes play a decisive role in determining the
success of sustainability-oriented learning. Without careful design and implementation, even well-
established approaches may fail to produce meaningful improvements in 21st-century skills,
highlighting the need for a coherent and well-supported instructional framework.

Cross-Study Trends and Implications

Several cross-study trends can be identified from the reviewed literature, reflecting the
evolving direction of sustainability-oriented education. First, there is a clear shift from traditional
content-based instruction toward contextual and problem-oriented learning, which emphasizes
real-world relevance and student engagement. This transition aligns with the growing recognition
that learning should not only transmit knowledge but also develop the capacity to apply it in
complex situations. Second, the increasing integration of technology and interdisciplinary
approaches highlights the transformation of science and biology education in the digital era. These
approaches enable learners to connect concepts across disciplines while utilizing digital tools to
explore and solve problems. Third, the growing emphasis on sustainability competencies indicates
that education is increasingly positioned as a strategic pathway for addressing global environmental
and societal challenges.

Despite these advancements, several challenges remain that may limit the effectiveness of
sustainability-oriented learning. A recurring issue identified across studies is the limited readiness
of teachers to implement ESD principles in classroom practice. While theoretical frameworks and
policy support for sustainability education are well established, their translation into instructional
practice is often inconsistent. This gap suggests that teachers may lack sufficient pedagogical
knowledge, training, or institutional support to effectively integrate sustainability concepts into

teaching. As a result, the success of sustainability-oriented learning depends not only on curriculum
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innovation but also on the development of teacher competence. Strengthening professional
development and providing continuous support are therefore essential to ensure meaningful
implementation.

The findings demonstrate that sustainability-oriented biology learning provides a strong
and relevant foundation for developing 21st-century skills, particulatly critical thinking, creativity,
and collaboration. However, its effectiveness is contingent upon the strategic alighment of
instructional design, learning context, and targeted competencies. No single pedagogical approach
can fully address all dimensions of these skills, indicating the need for integrative and flexible
instructional strategies. This highlights the importance of combining multiple approaches to create
comprehensive learning experiences that are responsive to both educational goals and real-world
demands. Such alignment is essential for ensuring that sustainability education contributes

effectively to preparing learners for future challenges.

DISCUSSION

The findings of this review confirm that sustainability-oriented learning, particularly within
the framework of Education for Sustainable Development (ESD), plays a significant role in
fostering 21st-century skills, with critical thinking emerging as the most dominant outcome. This
result is consistent with previous research emphasizing that ESD requires learners to engage with
complex, real-world problems that demand analytical reasoning and reflective judgment (Wu &
Shen, 2016; O’Flaherty & Liddy, 2018). Within biology education, this relevance becomes even
more pronounced, as the discipline inherently deals with ecological systems and sustainability
challenges (Nurse, 2016). Consequently, sustainability-oriented learning is not merely an
instructional innovation but a necessary pedagogical response to contemporary global issues,
positioning education as a critical driver for developing informed and responsible future citizens.

A closer examination of the findings reveals that the effectiveness of sustainability-oriented
learning is strongly influenced by the instructional approaches employed. Approaches such as
socioscientific issues (SSI) and inquiry-based learning demonstrate a strong contribution to critical
thinking due to their emphasis on argumentation and evidence evaluation. This is supported by
studies highlighting that sustainability learning is most effective when situated at the interface of
science and society, where students are required to engage with authentic dilemmas and competing
perspectives (Tassone et al., 2022). In contrast, project-based and problem-based learning
approaches contribute more broadly to creativity and collaboration, as they involve active
knowledge construction and teamwork. These findings align with research indicating that PBL and
PjBL are particulatly effective for sustainability education due to their emphasis on real-world
problem-solving and interdisciplinary integration (Corvers et al., 2016).

The role of technology in sustainability-oriented learning presents a more complex
dynamic. While digital tools, including augmented reality and online platforms, enhance
engagement and facilitate collaborative learning, their impact on higher-order thinking remains
inconsistent. This suggests that technology functions primarily as a mediating tool rather than a
determinant of learning outcomes. Previous studies similarly indicate that the effectiveness of
digital learning environments depends on how they are pedagogically structured rather than on the
technology itself (Ismail et al., 2024). Without integration into inquiry-based or problem-oriented

frameworks, technology risks reinforcing surface-level engagement rather than deep learning.
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Therefore, the success of technology-enhanced sustainability education lies in its alignment with
pedagogical principles that promote critical inquiry and meaningful interaction.

From a theoretical perspective, these findings can be understood through constructivist
and sustainability learning frameworks, which emphasize active engagement and contextual
learning. Sustainability-oriented learning is most effective when students are involved in authentic,
experiential processes that connect knowledge with real-world applications. This is supported by
research highlighting the importance of outdoor, contextual, and experiential approaches in
biology and sustainability education (Jeronen et al., 2016). Furthermore, curriculum-level
integration of sustainability has been shown to shape not only cognitive outcomes but also
students’ values and attitudes toward sustainability (Froberg et al., 2023). These perspectives
reinforce the idea that learning is not merely cognitive but also social and contextual, requiring
meaningful interaction with real-life issues.

Despite these strengths, the findings also reveal persistent challenges, particularly in
relation to teacher readiness and implementation. While sustainability frameworks are well
established conceptually, their practical application in classrooms remains uneven. Several studies
indicate that teachers often lack the necessary pedagogical knowledge and training to effectively
integrate ESD into instruction (O’Flaherty & Liddy, 2018; Ismail et al., 2024). This gap highlights
the importance of professional development and institutional support in ensuring the successful
implementation of sustainability-oriented learning. Without adequate preparation, there is a risk
that ESD will be implemented superficially, limiting its potential impact on student learning and
skill development.

In addition, the uneven distribution of empirical evidence highlights the need for more
robust research. While bibliometric and review studies provide valuable insights into trends and
conceptual frameworks (Abdullah, 2022), fewer studies offer direct evidence of learning outcomes
in classroom settings. Empirical studies, such as those examining project-based learning in
sustainability contexts, demonstrate promising results in improving critical thinking and
engagement (Rahmayanti et al., 2021; Carrié Llach & Llerena Bastida, 2023). However, these
studies remain limited in scope and context. Future research should therefore focus on
experimental and longitudinal designs to better understand the long-term impact of sustainability-
oriented learning across diverse educational settings.

Overall, this study contributes to the growing body of literature by providing a structured
and comparative analysis of sustainability-oriented learning in biology education. The findings
highlight that effective sustainability education requires a strategic alighment between instructional
approaches, learning contexts, and targeted competencies. Rather than relying on a single
pedagogical model, an integrative approach that combines ESD, inquiry, project-based learning,
and technology is more likely to produce meaningful outcomes. This reinforces the view that
sustainability-oriented learning is inherently multidimensional and must be designed holistically to

address the complex demands of 21st-century education.

CONCLUSION

This study provides a systematic and analytical synthesis of how sustainability-oriented
biology learning contributes to the development of 21st-century skills. The findings demonstrate
that sustainability-based approaches, particularly those grounded in Education for Sustainable
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Development (ESD), play a significant role in fostering critical thinking, creativity, and
collaboration. Among these competencies, critical thinking emerges as the most consistently
emphasized outcome, reflecting the problem-oriented and contextual nature of sustainability
learning. The study further reveals that different instructional approaches contribute to different
skill domains. ESD and socioscientific approaches are more strongly associated with critical
thinking, while project-based and STEM-oriented learning support creativity and collaboration.
This indicates that sustainability-oriented learning operates through multiple pedagogical pathways
rather than a single unified model. Therefore, effective implementation requires a strategic
integration of various instructional approaches to address diverse learning objectives. However,
the effectiveness of sustainability-oriented learning is influenced by several factors, including
instructional design, teacher competence, and contextual alignment. The findings highlight that
the successful development of 21st-century skills depends not only on the choice of learning
approach but also on how it is implemented in practice. In addition, the limited number of
empirical studies suggests the need for more rigorous research to strengthen the evidence base. In
conclusion, sustainability-oriented biology learning offers a relevant and powerful framework for
preparing students to address complex global challenges. Its successful implementation requires
an integrative, flexible, and context-sensitive approach that aligns pedagogical strategies with the

demands of 21st-century education.
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