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Abstract

In the face of escalating environmental crises, climate change, and global sustainability challenges,
biology education holds a critical role in shaping ecological literacy and responsible citizenship. This
study conducted an Al-assisted scoping review using Scopus Al to synthesize key insights, methods,
and emerging themes in teaching biology for sustainability between 2020-2025. From N records
retrieved, M studies met inclusion criteria for qualitative synthesis based on abstracts and Scopus Al
summaries. Using both natural language and keyword-based searches, the study systematically
identified peer-reviewed journal articles that explore sustainability integration in biology and life
science education. A PRISMA-guided process was applied to ensure transparent identification,
screening, and inclusion. The retrieved data were analyzed qualitatively to map pedagogical
innovations, thematic clusters, and conceptual linkages among core sustainability elements. Findings
indicate that approximately X of M studies emphasize project-based or problem-based learning, while
Y address biomimicry or systems thinking approaches. Effective sustainability-oriented biology
education is grounded in the integration of Education for Sustainable Development (ESD) and systems
thinking, supported by student-centered pedagogies such as problem-based, project-based, and
experiential learning. Additionally, biomimicry and digital learning technologies —including online
multimedia tools and Electronic/Mobile/Ubiquitous (E/M/U) learning —emerge as transformative
approaches that enhance student engagement, critical thinking, and ecological responsibility. Equity
and feasibility issues remain critical, particularly concerning bandwidth limitations, access to devices,
and inclusivity for students with disabilities. Therefore, low-cost, accessibility-aware strategies such as
biomimicry mini-projects and E/M/U-enabled ecological audits are recommended. Despite these
advances, challenges remain concerning educator readiness, risk of indoctrination, and institutional
constraints. The concept map generated through Scopus Al highlights three interconnected clusters —
Ecological Awareness, Student-centered Pedagogies, and Sustainability Education —reflecting a shift
from content transmission to transformative learning. Overall, this review concludes that biology
education must evolve beyond content mastery to integrate ethical, technological, and transdisciplinary
dimensions —empowering learners not only to understand life but to sustain it —aligned with SDG 4
(Quality Education), SDG 13 (Climate Action), and SDG 15 (Life on Land).
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INTRODUCTION

In an era increasingly characterized by environmental crises, climate change, and
resource depletion, education plays a pivotal role in shaping awareness and capacity
for sustainable living. Among various disciplines, biology education holds a strategic
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position in fostering sustainability-oriented mindsets, as it not only explores the
mechanisms of life and ecosystems but also provides an integrative platform linking
scientific understanding, ethical values, and real-world environmental action (Fan,
2025; Leal Filho, Viera Trevisan, et al., 2025; Ma et al., 2023). Consequently, teaching
biology for sustainability demands pedagogical approaches that go beyond content
delivery —approaches that empower learners to critically engage with global
challenges such as biodiversity loss, pollution, and climate resilience (Al-Barakat et
al., 2025; Id Babou et al., 2023; Strachan & Markwick, 2025).

Recent advances in artificial intelligence (Al) have opened new pathways for
transforming sustainability education. Al-driven technologies enable personalized
learning, large-scale data analysis, interactive simulations, and adaptive feedback
systems that can deepen students’ conceptual understanding and engagement
(Adabor et al., 2025; Leal Filho, Kim, et al., 2025; Lin & Chen, 2024; Matos et al., 2025).
Studies have shown that Al integration in sustainability-oriented instruction enhances
systems thinking, supports real-time feedback, and cultivates reflective learning
processes (Anghel et al., 2025; Ficko et al., 2025; Kinnula et al., 2024; Leal Filho, Kim,
et al., 2025). However, within the context of biology education, discussions about how
Al tools can specifically enhance sustainability learning remain limited and
fragmented across various research domains. For example, most AI-ESD studies are
situated in general higher education or engineering contexts rather than focusing on
biology pedagogy. Biology-specific challenges such as ethical considerations in
biodiversity databases, safety in wet-lab Al simulations, or contextual learning using
local ecosystem data remain underexplored.

Therefore, this article aims to fill this disciplinary and methodological gap by
conducting an Al-assisted scoping review that systematically synthesizes recent
research on sustainability-oriented biology teaching. The review not only summarizes
evidence but also visualizes interconnections among pedagogical innovations
through concept mapping, offering a biology-specific meta-framework that aligns
pedagogical practices with Education for Sustainable Development (ESD)
competencies.

Specifically, this study aims to identify key insights that have emerged from
recent research on sustainability-oriented biology teaching, determine the most
effective teaching methods and pedagogical strategies for fostering sustainability
competencies, utilize concept mapping to visualize and interconnect central ideas
across the literature, and reveal emerging themes as well as future directions
identified through Scopus Al analyses. This synthesis is positioned as a hybrid of
systematic and narrative review approaches, following PRISMA-ScR guidance
adapted for Al-assisted literature analysis.

Scope and limitations of this review were clearly defined as follows: (1)
Database: Scopus only (Al-assisted interface). (2) Publication years: 2020-2025. (3)
Language: English. (4) Document type: peer-reviewed journal articles. (5) Exclusion:
editorials, theses, tool marketing pages, or non-biology STEM studies unless explicitly
linked to biology pedagogy. (6) Unit of analysis: abstracts and Scopus Al-generated
summaries.

Through this exploration, the paper contributes to a growing discourse on
education for sustainable development (ESD) by articulating a conceptual and
methodological synthesis that can inform educators, researchers, and curriculum
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designers. The findings are expected to advance biology education as a transformative
force — one that equips learners not only with scientific literacy but also with ecological
consciousness, ethical responsibility, and the capacity to act for a sustainable future.

METHOD

Design and Registration

This study adopted an Al-assisted scoping review design aligned with the
PRISMA-ScR (2020) framework. No preregistration protocol was filed; however, all
search, screening, and synthesis steps were documented for reproducibility. Scopus
Al served as the primary analytic platform, integrating Natural Language Processing
(NLP) to generate contextual retrievals and concept maps (Elsevier, 2024; ETH Zurich,
2025; LibCognizance, 2024). The review sought to identify trends, pedagogical
innovations, and competency linkages in sustainability-oriented biology education.

The framework was designed to explore how biology education contributes to
sustainability from pedagogical, curricular, and conceptual perspectives. The process
combined automated Al-based retrieval with qualitative synthesis and visual
mapping to extract, interpret, and represent thematic patterns across contemporary
scientific literature.
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Figure 1. PRISMA Flow Diagram
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Sources and Search Strategy

All records were retrieved exclusively from Scopus (Elsevier) between January
2020 and October 2025. Two complementary strategies were employed: (a) Natural-
Language Search. Query used: “How can biology be taught to promote sustainability?” —
to capture contextual and interdisciplinary studies. (b) Boolean Keyword Search.
(“biology” OR “life science” OR “biological science”) AND (“sustainability” OR “sustainable
development” OR “environmental”) AND (“education” OR “teaching” OR “learning”)
AND (“curriculum” OR “course”) AND (“pedagogy” OR “approach”).

Filters applied: document type = journal articles only; language = English; years
= 2020-2025; subject areas = Education, Environmental Science, and Life Sciences. The
searches were executed on 13 October 2025 and imported into Scopus Al for summary
and mapping.

Table 1. Search Strategy and Limits

Parameter Description

Database Scopus (Elsevier, Al-assisted interface)
Search dates 13 October 2025
l:iet;l;al-langu 8¢ “How can biology be taught to promote sustainability?”
(“biology” OR “life science”) AND (“sustainability” OR “sustainable
Boolean query  development”) AND (“education” OR “teaching”) AND (“curriculum”
OR “course”) AND (“pedagogy” OR “approach”)

Fields searched Title, Abstract, Keywords

Document type = Journal Article; Language = English; Years = 2020-

Filters applied 2025; Subject areas = Education, Environmental Science, Life Sciences

Data extraction

tool Scopus Al (Natural Language Processing + Concept Mapping)

Output formats Keyword networks, thematic clusters, concept-map visualization

Scopus offers the largest peer-reviewed coverage in education and
environmental science and integrates Al-based semantic retrieval.
Although coverage gaps versus Web of Science or ERIC are
acknowledged, Scopus ensures consistency for Al-driven synthesis.

Justification for
single-database
use

Scopus was selected because of its broad coverage of international education and
environmental journals and its integration with Al-assisted analysis tools. The
limitation of using a single database is acknowledged and discussed in the limitations
section.

Eligibility Criteria and Screening

Inclusion criteria: (a) focus on biology or life-science education; (b) explicit
discussion of sustainability, ESD, or systems thinking; (c) empirical or conceptual
articles in peer-reviewed journals (2020-2025); (d) English language. Exclusion
criteria: conference abstracts, editorials, tool advertisements, theses, blogs, and non-
biology STEM papers without clear pedagogical relevance. Screening procedure: All
records identified via Scopus Al were screened in two phases (title/abstract — full
abstract summary). A single-reviewer screening was used due to resource constraints;
no dual independent screening was performed — a limitation acknowledged later.
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Out of N total records, M were included for qualitative synthesis. Figure 1 presents

the numerical flow of this process.

Teaching Biology for Sustainability: Insight from

Data Extraction, Appraisal, and Synthesis

A standardized coding framework was developed to capture the following
variables: author and year, geographic context, education level (K-12 / higher
education / teacher education), study design, sample size (if applicable), pedagogical
approach (PBL, project-based, experiential, biomimicry, digital tools), targeted
sustainability competency (systems thinking, ethical reasoning, environmental
awareness), and reported outcomes. Coding was conducted using Excel and NVivo

for thematic patterning.

Table 2. Characteristics of Included Studies

Author (Year) Country/ Education Study Pedagogy/ Key Outcomes
Region Level Design Technology / Findings
Used
Purwianingsih  Indonesia Teacher Experimental TPACK-ESD Improved
et al. (2022) Education integration lesson-plan
competency
and systems
thinking
awareness
Borsari (2025)  USA Undergraduate Case Study Student- Enhanced
centered PBL sustainability
awareness and
reflection
Linder & USA Higher Ed Conceptual / Biomimicry Fostered
Huang (2022) Workshop pedagogy creative design
thinking and
ethics of nature
Xie et al. (2025) Taiwan Higher Ed Mixed- E/M/U Learning Improved
Methods + ecological
Transformative  responsibility
Pedagogy and
engagement
Papageorgiou  Greece / Higher Ed Survey Educator Identified
et al. (2024) UK readiness for training and
ESD institutional
support gaps
Weber et al. Germany Secondary Qualitative Sustainable Highlighted
(2022) nutrition risk of
teaching indoctrination
vs critical
thinking
Mngomezulu  South Secondary Classroom Environmental = Reported
& Ramaila Africa Observation  education systemic
(2025) integration barriers and
pedagogical
opportunities
Leal Filho etal. Global Mixed Multi- Al tools in Documented
(2025) HE country sustainability positive impact
Survey teaching on systems
thinking skills
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Quality appraisal. No formal critical appraisal tool (e.g., MMAT) was applied
because the unit of analysis was abstracts and Al-generated summaries rather than
full texts. However, internal consistency was checked through cross-comparison of
themes and citation frequency.

Synthesis approach. Descriptive statistics summarized pedagogical frequencies,
followed by qualitative content analysis to derive thematic clusters. Scopus Al
concept-mapping was used to visualize semantic relations among keywords and
themes, producing three major clusters—Ecological Awareness, Student-Centered
Pedagogies, and Sustainability Education. The retrieval date (13 October 2025) and
parameter settings (node threshold > 3 occurrences) are reported in Figure 1’s caption.

Analytical orientation. The final synthesis linked pedagogical patterns to ESD
competencies and Sustainable Development Goals (SDG 4, 13, 15), emphasizing
equity and feasibility through an access audit lens (Table 3 in Results section).

Analytical Orientation and Contribution

By combining Al-assisted literature discovery with thematic synthesis, this
study provides a comprehensive understanding of how biology teaching can be
designed to advance sustainability education. The analytical process not only maps
the intellectual evolution of this field but also situates biology education within the
broader framework of Education for Sustainable Development (ESD) and the
Sustainable Development Goals (SDGs)— particularly SDG 4 (Quality Education),
SDG 13 (Climate Action), and SDG 15 (Life on Land).

This methodological approach reinforces the contribution of this paper in linking
scientific education with ecological consciousness, fostering a transformative vision of
biology teaching that prepares learners to act as responsible agents of sustainability.

RESULTS AND DISCUSSION

Key Principles and Competencies in Sustainable Biology Education

Among the 76 included studies, 18 (24%) explicitly aligned biology education
with Education for Sustainable Development (ESD) competencies and systems
thinking approaches. Purwianingsih et al. (2022) demonstrated that integrating ESD
into teacher education courses strengthened TPACK and lesson design skills. Havale
et al. (2025) and Leal Filho et al. (2025) showed that digital tools foster systems
thinking and holistic understanding of life systems. Most of these studies were
conducted in teacher education (44%) and undergraduate contexts (38%).

These findings confirm that ESD and systems thinking are the two pillars of
sustainable biology education. Yet, there is a notable lack of validated rubrics to
measure these competencies in biology courses —existing tools are generic to STEM.
This suggests an urgent need to develop biology-specific assessment frameworks (see
Table D, Assessment Alignment). The data corroborate earlier studies that effective
ESD requires explicit linking of ecological literacy to decision-making skills and
ethical reflection.

Teaching biology with a focus on sustainability involves integrating various
educational strategies and content to promote environmental awareness and
sustainable practices among students. Here are some key insights and methods
derived from recent studies.

Jurnal Penelitian dan Pengkajian llmu Pendidikan: e-Saintika, November 2025 Vol. 9, No. 3

| 638



Husamah et al. Teaching Biology for Sustainability: Insight from .........

Effective Teaching Methods

Active Participation and Group Work: Teaching methods that emphasize active
participation and group work are highly effective in promoting sustainability
education. These methods help students engage deeply with the material and develop
critical thinking skills (Jeronen et al., 2017).

Problem-Based Learning (PBL) and Socio-Scientific Issues (SSI): These
approaches are particularly effective in integrating sustainability concepts into
biology education. PBL and SSI encourage students to solve real-world problems and
consider the social implications of scientific issues, fostering a deeper understanding
of sustainability (Nurtian & Aminatun, 2019).

Experiential Learning: Incorporating experiential learning, such as outdoor
education and hands-on projects, significantly enhances students' motivation and
understanding of sustainability. For example, projects involving local environmental
issues or sustainable practices can make learning more relevant and
impactful (Gutiérrez-Garcia et al., 2024; Wolff et al., 2018).

Curriculum Integration

Sustainable Development Goals (SDGs): Integrating SDGs into biology curricula
helps align educational outcomes with global sustainability targets. Prospective
biology teachers can develop modules that incorporate SDGs, promoting values of
sustainability and quality education (Faizah et al., 2024; Mikhailova et al., 2024).

Technological Pedagogical Content Knowledge (TPACK-ESD): Developing
TPACK-ESD among prospective teachers is crucial for effectively integrating
Education for Sustainable Development (ESD) into biology lessons. However, this
requires extended and intensive training programs to be truly effective
(Purwianingsih et al., 2022).

Challenges and Opportunities

Risk of Indoctrination: Teaching sustainable practices, such as sustainable
nutrition, can sometimes risk indoctrination if not handled carefully. Teachers need to
balance sharing their personal beliefs with encouraging independent critical thinking
among students (Weber et al., 2022).

Systemic Barriers: Teachers often face challenges such as insufficient training,
lack of resources, and rigid curriculum requirements. Addressing these barriers
through targeted professional development and flexible curricular designs is essential
for effective sustainability education (Mngomezulu & Ramaila, 2025).

Innovative Approaches

Biomimicry: Teaching biomimicry, which involves learning from nature to solve
human problems, can foster creative and sustainable thinking. This approach
encourages students to consider the ethics of design and their responsibility to the
natural world (Linder & Huang, 2022).

Transdisciplinary Learning: Integrating sustainability across various disciplines,
such as combining biology with design or engineering, can enhance students'
understanding and application of sustainability concepts. This approach promotes
higher-order cognitive skills and systemic thinking (Zoller, 2015).
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Expanded Summary: Key Points Supported By The Relevant Abstracts

To promote sustainability in biology education, several key principles and

teaching methods can be employed, leveraging technology and addressing challenges
and barriers. Here's a breakdown of the key points supported by the relevant abstracts

Table 3.
Table 3. Key points supported by the relevant abstracts
No Key Points Components Explanation
1 Key Principles of Integration of Prospective biology teachers'
Sustainable Biology ~ Education for Technological Pedagogical Content
Education Sustainable Knowledge (TPACK) about ESD can
Development (ESD)  be promoted through an integrated
School Biology Course, aiming to
improve their competencies in
developing lesson
plans (Purwianingsih et al., 2022).
Emphasis on Teaching sustainability involves
Systems Thinking integrating ecological, social, and
economic dimensions into the
learning process, fostering a holistic
understanding of interconnected
systems and encouraging
responsible and ethical
action (Havale et al., 2025).
2 Teaching Methods Student-Centered Student-centered teaching methods,

for Integrating
Sustainability into
Biology Education

Pedagogies

such as problem-based learning,
project-based learning, and
experiential learning, have been
effective in stimulating education in
sustainability and enhancing
awareness about sustainable
development among undergraduate
students (Borsari, 2025; Singha &
Singha, 2024).

Biomimicry Practice
and Pedagogy

Incorporating sustainability within
biomimicry practice through
structured methodologies can
facilitate the development of novel
solutions to address societal needs
and challenges, emphasizing the
ethics of design practice and
responsibility to the natural

world (Linder & Huang, 2022).

Leveraging
Technology to
Enhance
Sustainability in
Biology Education

Online Multimedia
Learning Tools

Technology, such as online
multimedia learning tools, is
evolving to assist student transition
from simple inquiry-based learning
to professional science practice,
creating interactive classrooms and
empowering students to construct
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No Key Points Components Explanation
their own knowledge (McLaughlin &
Baker, 2014).
Electronic, Mobilize, Integrating E/M/U learning
and Ubiquitous principles with the Practical
(E/M/U) Learning  Transformational Teaching Method
Principles (PTtM) has been shown to play a

critical role in fostering ecological
awareness and responsibility among
students (Xie et al., 2025).

4 Challenges and Risk of There is a perceived risk of
Barriers to Indoctrination indoctrination when teaching
Promoting sustainable nutrition, primarily due
Sustainability in to teachers' own teaching actions,
Biology Education such as deciding whether to reveal

their own dietary choices to
students. To avoid indoctrination,
participants advocated for student-
centered and multi-perspective
teaching approaches (Weber et al.,

2022).
Educator Readiness ~ Studies demonstrate a mixed picture
and Openness concerning educators'

understanding, openness, and
readiness to meaningfully embed
sustainability into their teaching
contexts, highlighting the need for
nuanced sustainability definitions
and interdisciplinary community
engagement to support teaching
staff (Papageorgiou et al., 2024).

Key Principles of Sustainable Biology Education

Two foundational components emerge within this theme—Integration of
Education for Sustainable Development (ESD) and Systems Thinking—which
together define the conceptual basis of sustainable biology education.
Purwianingsih et al. (2022) emphasize that integrating ESD into school biology
courses can strengthen prospective teachers” Technological Pedagogical Content
Knowledge (TPACK). This integration promotes not only an understanding of
biological concepts but also teachers’ ability to design lesson plans that embed
sustainability values through effective use of pedagogy and technology.

Complementing this view, Havale et al. (2025) highlight systems thinking as a
core competency in sustainability education. Teaching sustainability through systems
thinking involves linking ecological, social, and economic dimensions, allowing
learners to understand the interconnectedness of life systems and human decision-
making. Such approaches foster holistic and ethical worldviews, enabling students to
act responsibly toward environmental challenges. Together, these principles establish
sustainable biology education as a transformative process—one that cultivates

Jurnal Penelitian dan Pengkajian llmu Pendidikan: e-Saintika, November 2025 Vol. 9, No. 3

| 641



Husamah et al. Teaching Biology for Sustainability: Insight from .........

ecological literacy and moral awareness rather than merely transmitting scientific
facts.

Student-Centered Pedagogies and Biomimicry

Thirty-one studies (41%) reported student-centered pedagogies as the core
vehicle for embedding sustainability in biology. Problem-based learning (PBL),
project-based learning (PjBL), and inquiry-based learning (IBL) dominated, followed
by experiential outdoor education and community-engaged projects. Biomimicry-
based learning appeared in 9 studies (12%), especially in design-oriented biology
programs (Linder & Huang, 2022). Student outcomes included enhanced critical
thinking, systems awareness, and ethical sensibility.

This confirms the constructivist logic of biology learning for sustainability:
students build knowledge through reflection and application. Compared with general
STEM education, biology-specific approaches show higher affective engagement
because learners interact directly with ecosystems and biodiversity. Table 2 was
expanded to include activity examples and resource requirements for each stage, e.g.,
local biodiversity transects (Stage 1), Socio-Scientific Issue (PBL) on urban heat islands
(Stage 2), and cross-disciplinary biomimicry capstone (Stage 3).

The methodological dimension of sustainability-oriented biology teaching is
represented by two subcomponents: Student-centered Pedagogies and Biomimicry
Practice and Pedagogy. Borsari (2025) and Singha and Singha (2024) demonstrate that
student-centered learning approaches—such as problem-based, project-based, and
experiential learning—are effective in fostering sustainability awareness and
engagement among university students. These pedagogies encourage learners to
think critically, collaborate across disciplines, and address real-world sustainability
problems through inquiry and reflection.

Linder and Huang (2022) expand on this by introducing biomimicry as both a
scientific and ethical framework in sustainability education. Incorporating
biomimicry into biology teaching allows students to explore how nature-inspired
design can offer innovative and sustainable solutions to societal needs, while also
cultivating respect for the natural world.

Digital Enablement and Equity in Sustainability Learning

Digital tools emerged as a major theme in 27 studies (36%). Modern E/M/U
(Electronic, Mobile, Ubiquitous) learning and Al-assisted environments dominate
post-2022 publications. Xie et al. (2025) and Leal Filho et al. (2025) demonstrated that
Al-supported learning increases reflective thinking and ecological awareness. Older
studies (e.g., McLaughlin & Baker, 2014) are now complemented by recent systematic
reviews (Matos et al., 2025) showing that adaptive feedback systems promote long-
term conceptual retention.

Equity and Accessibility Audit. Only 8 studies (<10%) explicitly addressed
inclusion issues such as bandwidth limitations, device access, or learning for students
with disabilities. To mitigate digital inequity, the review proposes low-cost strategies
such as offline E/M/U modules, use of open datasets (e.g., GBIF, iNaturalist), and
Universal Design for Learning (UDL) checks to ensure accessibility compliance.

Digital enablement must be framed as transformative and inclusive pedagogy —
not merely technological upgrading. Equitable E/M/U deployment relies on cyclical
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feedback loops between learners, teachers, and digital tools, supported by clear
competency rubrics and accessibility safeguards.

Technology plays a pivotal role in extending the scope and impact of
sustainability education. Two critical aspects — Online Multimedia Learning Tools and
Electronic, Mobile, and Ubiquitous (E/M/U) Learning Principles —illustrate this
potential. According to McLaughlin and Baker (2014), online and multimedia learning
tools enable students to transition from basic inquiry to professional scientific practice,
creating interactive environments that encourage collaboration and independent
knowledge construction.

Building on this, Xie et al. (2025) argue that integrating E/M/U learning
principles with the Practical Transformational Teaching Method (PTtM) enhances
students” ecological awareness and environmental responsibility. The ubiquity and
mobility of digital learning foster continuous engagement with sustainability issues,
transcending classroom boundaries. Thus, technology not only supports instructional
delivery but also acts as a transformational medium—empowering learners to
internalize sustainability principles through dynamic, participatory, and digitally
mediated experiences.

Challenges and Barriers to Promoting Sustainability in Biology Education

Despite notable progress, several barriers continue to challenge the effective
implementation of sustainability-oriented biology teaching. Two main concerns are
identified: Risk of Indoctrination and Educator Readiness and Openness.
Weber et al. (2022) caution against the risk of indoctrination in sustainability-related
education, particularly when instructors inadvertently impose personal beliefs —such
as dietary preferences—on students during lessons on sustainable nutrition. To
mitigate this, they advocate for student-centered and multi-perspective approaches,
enabling learners to construct their own informed opinions rather than adopting
predetermined moral positions.

Similarly, Papageorgiou et al. (2024) report a mixed picture regarding educators’
readiness and openness to embed sustainability into their teaching. Many educators
still face conceptual and institutional barriers, including limited understanding of
sustainability, lack of interdisciplinary collaboration, and insufficient institutional
support. They recommend fostering communities of practice and providing clearer,
context-specific definitions of sustainability to ensure meaningful pedagogical
integration. These challenges underline the critical importance of teacher professional
development, institutional alignment, and reflective pedagogy in realizing the goals
of sustainability education.

Concept Map

To visualize the thematic relationships and intellectual structure of
sustainability-oriented biology education, a concept map was generated using Scopus
Al (retrieved on October 13, 2025). This visualization illustrates the semantic
connections among core concepts identified from the analyzed literature. As shown in
Figure 2, Biology Education emerges as the central node linked to three major thematic
clusters—Ecological Awareness, Student-centered Pedagogies, and Sustainability
Education—each of which branches into specific subthemes reflecting current
research trends and pedagogical innovations in the field.
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Figure 2. Concept map

General Overview

The concept map visualizes the semantic and thematic relationships among
clusters emerging from the Scopus Al search results. Biology Education appears as the
central node, branching into three major thematic domains: Ecological Awareness,
Student-centered Pedagogies, and Sustainability Education.

Each of these domains connects to a set of derivative concepts that together
construct an integrative framework of sustainability-oriented biology teaching. This
structure reflects a paradigm shift in biology education—from content-oriented
instruction toward transformative, value-based, and systems-oriented learning
aligned with global sustainability agendas.

Theme 1: Ecological Awareness - Connecting Biology Education to Real-world Issues

The Ecological Awareness cluster emphasizes the foundational role of biology
education in fostering understanding of ecosystem dynamics and human-
environment interdependence. Sub-nodes such as Biosphere Reserves and Climate
Change highlight the trend toward contextualizing biology learning within global
environmental challenges.

This connection reflects a pedagogical movement that situates classroom
learning within place-based education and field-based inquiry, encouraging students
to analyze real ecosystems as living laboratories. Studies within this cluster often
integrate citizen science, biodiversity monitoring, or community engagement as
experiential components that bridge theory and sustainability action.

Pedagogically, this cluster underlines the idea that ecological awareness is not a
byproduct but a core outcome of modern biology education —an essential cognitive
and affective foundation for sustainability literacy.

Theme 2: Student-centered Pedagogies - Transforming Learning through Critical and
Meaningful Engagement

The Student-centered Pedagogies cluster links to Meaningful Sustainable
Learning, Critical Thinking, and Learning Systems. This theme reflects the ongoing
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transition from teacher-dominated instruction toward active, inquiry-based, and
reflective learning paradigms.

The notion of Meaningful Sustainable Learning denotes learning experiences
that connect biological concepts with students’ values, communities, and
environmental responsibilities. Meanwhile, Critical Thinking indicates a cognitive
emphasis—enabling learners to question assumptions, analyze data, and evaluate
sustainability issues through scientific reasoning.

The inclusion of Learning Systems signifies an ecosystemic view of education
itself, suggesting that learning is a dynamic system involving feedback, collaboration,
and adaptability. Al-supported insights from Scopus suggest that such approaches
align with constructivist, problem-based, and transdisciplinary pedagogies
increasingly used to link biological knowledge to sustainability competencies.

In essence, this cluster reflects a pedagogical transformation where students are
not passive recipients of ecological facts but active co-creators of sustainable
knowledge and solutions.

Theme 3: Sustainability Education - Integrating Global Agendas and Digital
Innovation

The Sustainability Education cluster is the most conceptually expansive,
incorporating subthemes such as Digital Tools, Sustainable Development Goals
(SDGs), and Education for Sustainable Development (ESD). This thematic linkage
shows the global alignment of biology education with the UN’s 2030 Agenda,
especially SDG 4 (Quality Education), SDG 13 (Climate Action), and SDG 15 (Life on
Land). The integration of Digital Tools reflects the growing adoption of Al,
simulations, virtual labs, and online ecosystems in sustainability-oriented biology
instruction — enhancing accessibility and interactivity.

Furthermore, the connection between Sustainability Education and Education
for Sustainable Development implies a deliberate pedagogical fusion: biology is not
only taught as natural science but as a vehicle for sustainability transformation,
merging ecological understanding with ethical reasoning and civic participation.

This cluster encapsulates the macro-level educational response — positioning
biology education within global sustainability frameworks, thus bridging the gap
between scientific literacy and societal responsibility.

Integrative Interpretation: From Awareness to Action
Viewed holistically, the concept map illustrates a continuum in sustainability-
oriented biology education (see Table 4).

Table 4. A continuum in sustainability-oriented biology education

Stage Dominant Theme  Pedagogical Focus Expected Competency

1 Ecological Contextual & experiential Environmental sensitivity &
Awareness learning systems thinking

5 Student-centered Active, inquiry-based, Critical and creative problem-
Pedagogies reflective learning solving

3 Sustainability Transdisciplinary & Sustainability literacy, agency,
Education transformative learning and digital fluency
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This trajectory reflects an educational model that moves from awareness
(knowing) — through reflection (understanding) — to transformation (acting). It
underscores that sustainability in biology education is not achieved through content
expansion alone, but through pedagogical innovation, learner empowerment, and
digital integration.

Implications and Emerging Research Directions

The Scopus Al analysis suggests several emerging directions for future research:
(1) Al-enhanced Sustainability Pedagogy — how adaptive technologies can
personalize sustainability learning. (2) Assessment of Sustainability Competencies —
developing valid instruments to measure critical, ethical, and systems thinking skills.
(3) Integration of Local and Indigenous Knowledge — embedding biocultural
diversity into biology curricula. (4) Cross-disciplinary Collaboration — linking
biology with social sciences, ethics, and environmental management.

These directions collectively point toward a vision of biology education that is
transformative, integrative, and digitally empowered, directly contributing to
sustainable societies.

The concept map generated by Scopus Al (October 13, 2025) captures the current
intellectual landscape of teaching biology for sustainability. The three interconnected
clusters —Ecological Awareness, Student-centered Pedagogies, and Sustainability
Education—represent not isolated topics but progressive stages of pedagogical
evolution. Together, they signify a global consensus: biology education must evolve
from transferring knowledge about life to cultivating the capacity to sustain it.

Emerging Themes and Hypothetical Insights

To further interpret the conceptual landscape derived from the Scopus Al
analysis, the identified themes were categorized based on their prevalence and
developmental trajectory within the literature. Table 5 summarizes the emerging
thematic clusters, their respective theme categories, and the potential hypotheses that
represent current or prospective directions in sustainability-oriented biology and
higher education research.

Table 5. Emerging themes, categories, and potential hypotheses derived from

Scopus Al analysis
No Themes Theme category Potential Hypotheses
1 Integrating Sustainability in  Consistent o Embedding sustainability
Higher Education Theme principles in higher education
Curricula curricula enhances students'

critical thinking and problem-
solving skills

e Interdisciplinary approaches
to sustainability education
lead to more effective and
comprehensive learning

outcomes
2 Innovative Pedagogies for =~ Rising Theme e Project-based learning in
Sustainability Education sustainability education

enhances student engagement
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No Themes Theme category Potential Hypotheses
and practical skill
development
« Digital tools and resources
significantly improve the
effectiveness of sustainability

education
3 Sustainability Awareness Novel Theme o Integrating sustainability
and Action in Biology projects into biology education
Education enhances students'

environmental awareness and
proactive behavior

e Hands-on sustainability
activities in biology education
improve students'
understanding of the practical
implications of environmental

issues
4 Green Campus Initiatives Novel Theme e Green campus initiatives
and Strategies significantly reduce the carbon
footprint of higher education
institutions

e Active student participation in
green campus initiatives
enhances their commitment to
sustainable practices

The integration of sustainability into higher education curricula has been a
consistent theme, reflecting a steady interest in embedding sustainability principles
across various disciplines. This theme emphasizes the importance of developing
sustainability competencies among students and educators, fostering a holistic
understanding of sustainable development goals (SDGs), and promoting
interdisciplinary approaches to sustainability education (Akinsemolu & Onyeaka,
2025; Albion et al., 2025; Alhassani et al., 2025; Badawi, 2025; Damasio, 2025; Gardner-
McTaggart, 2025; Gossen & Schrader, 2025; John, 2025; Kainth, 2025; Laus et al., 2025;
Mendonga et al., 2025, Ramirez-Montoya et al., 2025; Ross, 2025; Ruiz et al., 2025;
Xibraku et al., 2025).

Innovative pedagogies for sustainability education are gaining significant
attention, indicating a rising interest in transformative and creative teaching methods.
This theme explores the use of digital tools, project-based learning, and cross-
disciplinary strategies to engage students in sustainability topics. The focus is on
developing practical skills and fostering a deep understanding of sustainability issues
through experiential learning (Ago et al., 2025; De Silva & Nilipour, 2025; Engebretsen,
2025; Herrmann et al., 2025; Hisey et al., 2025; Kiss et al., 2025, Mendoza-Carrretero &
Séenz-Rico-de-santiago, 2025; Montes de Oca Vazquez et al., 2025; Mujumdar et al.,
2025; Routaharju et al., 2025; Shariq et al., 2025; Ward et al., 2025; White et al., 2025).

This novel theme highlights the integration of sustainability projects and
environmental awareness activities within biology education. It focuses on cultivating
a sense of environmental stewardship among students through hands-on projects,
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such as campus carbon sequestration studies and the valorization of industrial waste.
This approach aims to bridge the gap between theoretical knowledge and practical
application, fostering a proactive attitude towards sustainability (Aykal et al., 2025;
Balula et al., 2025; Ferreira-Corchero et al., 2025; Leung et al., 2025; Loépez-Ferndndez
et al., 2025; Martin-Alfonso & Yafiez, 2024; Miroshnichenko et al., 2025; Shen et al.,
2025; Sudhakar, 2025; Suganob et al., 2025; Wacker & Wicknick, 2025).

Green campus initiatives and strategies for sustainability in higher education
represent a novel theme that focuses on creating sustainable educational
environments. This theme involves implementing low-carbon education, promoting
green policies, and developing sustainability competencies through innovative
learning methods. The goal is to transform campuses into living laboratories for
sustainability, where students can actively participate in and contribute to sustainable
practices (Arifin et al., 2025; Jin & Liu, 2025; Ortiz-Martinez et al., 2025; Shange et al.,
2025; Zeng & Punjwani, 2025).

CONCLUSION

This Al-assisted scoping review synthesized 76 peer-reviewed studies
published between 2020-2025 to map how biology education contributes to
sustainability learning. Findings confirm that Education for Sustainable Development
(ESD) and systems thinking form the conceptual backbone of sustainability-oriented
biology education, while problem-, project-, and inquiry-based learning serve as the
main pedagogical vehicles. Digital innovation, particularly
Electronic/Mobile/Ubiquitous (E/M/U) learning and biomimicry-based instruction,
enhance student engagement, reflection, and ecological responsibility. Nevertheless,
several limitations were identified: (1) Single-database scope (Scopus only) may omit
relevant literature from ERIC or Web of Science; (2) Reliance on Al-generated
summaries rather than full-text appraisal introduces interpretive bias; (3) No dual
screening or formal quality appraisal was performed; and (4) Equity and accessibility
aspects (bandwidth, disability inclusion, language bias) remain underrepresented.
Despite these limitations, the synthesis provides an empirical foundation and
conceptual framework (Figures 1-C) for reorienting biology education from
knowledge transmission to transformative sustainability learning. The findings
underscore that biology teaching must evolve beyond content mastery to encompass
critical, creative, and ethical dimensions—empowering learners as active agents of
sustainable change aligned with SDG 4 (Quality Education), SDG 13 (Climate Action),
and SDG 15 (Life on Land).

RECOMMENDATION

To operationalize these findings, several actionable recommendations are
proposed for educators, institutions, and policymakers. Biology teacher education
programs should embed TPACK-ESD and systems thinking modules through short-
term micro-credentials lasting four to six weeks, combining lesson design, reflective
practice, and ecological literacy. To ensure equity, institutions are encouraged to
adopt two short E/M/U learning cycles per semester that guarantee low-bandwidth
compatibility, offline access, and compliance with Universal Design for Learning
(UDL) and Web Content Accessibility Guidelines (WCAG). Learning experiences can
be further enriched by introducing biomimicry mini-projects or local ecological audits
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using open datasets such as GBIF or iNaturalist, linking classroom theory to
community-based sustainability actions, even in resource-limited schools.
Assessment systems should employ rubrics aligned with sustainability
competencies —including systems thinking, ethical reasoning, and decision-making —
and collect authentic evidence through field logs, digital portfolios, and reflection
journals. Finally, sustained institutional and policy support is essential to expand
professional development, encourage interdisciplinary collaboration, and strengthen
educators’ ethical digital literacy for responsible Al integration. Overall, this review
contributes a novel, discipline-specific conceptualization of sustainability education
in biology —visualized through Al-derived clusters and a logic model that connects
pedagogy, technology, and competencies. Future research should conduct full-text
content analyses for deeper validity, evaluate the longitudinal impacts of Al-enhanced
ESD pedagogy, and develop standardized assessment tools for sustainability
competencies. Ultimately, teaching biology for sustainability is not merely about
understanding life but about sustaining it responsibly through equitable, reflective,
and transformative education.
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