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Abstract

The integration of sustainable development into biology education has been a growing
area of interest. Biology education for sustainability is considered through competencies
and skills, taking different dimensions of knowledge into account. Solving problems
requires not only knowledge but also communicative and strategic activity. Thus, biology
education must emphasize the main visions of scientific literacy proposed in the literature,
supporting students to understand society and everyday socioscientific challenges at the
local as well as at the global level, and to deal with differing scientific results and uncertain
information. However, there are very few studies from a holistic didactic viewpoint on
the implementation of sustainable education (SE) in biology education in the context of
teacher education and school education for promoting a sustainable future. This study
addresses this gap via a bibliometric and content analysis of the literature (n = 165 and
131, respectively) based on the categories of the sustainable development goals (SDGs),
subject aims, learning objectives, content knowledge, teaching methods, competencies and
skills, and assessment methods. The literature analyzed emphasizes the environmental
and social SDGs, the development of students’ factual and conceptual knowledge and
learning, interactive teaching and learning methods, critical thinking and reflection, and
summative and formative assessment methods. There is much less attention on economic
and institutional SDGs, scientific skills, environmental attitudes, knowledge creation,
strategic thinking and empathy, and diagnostic assessment methods. Compared to earlier
studies performed in the 2010s, teaching and learning methods have become more diverse
in contrast to the earlier focus on teacher-centered methods. Overall, the conclusion is 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 quality education (SDG 4), good health and well-being (SDG 3),
and life on land (SDG 15). The findings also suggest that powerful knowledge needs to be
emphasized for providing essential insights into ecosystems, biodiversity, and the processes
that sustain life on Earth. They also highlight the importance of regular evaluations of
teaching and learning for detecting how pedagogical and didactic approaches and strategies
have supported students’ learning focused on sustainable development.

Keywords: biology education; sustainability; sustainable development goals (SDGs);
sustainable education (SE); teacher education; school teaching; transformative teaching
and learning; sustainability competencies and skills; scientific literacy
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1. Introduction

For promoting sustainable development locally, regionally, and globally, the United
Nations published the document named ‘Transforming Our World: The 2030 Agenda for
Sustainable Development’ (called Agenda 2030) in 2021 (UN, 2021). At its core are 17 SDGs,
which are grouped into environmental, social, economic, and institutional dimensions (UN,
2021). All the SDGs are both interrelated and interdependent. Agenda 2030 and its 17 SDGs
are focused both on the environment and a multidimensional approach to sustainable
development to achieve the well-being of people around the world (Di Fabio, 2017).

Sustainable development depends on the ability and willingness of humans to shift
their behavior toward maintaining ecological integrity in human relationships with Earth.
Education has a good chance of influencing this shift when teaching and learning are
developed according to action-oriented transformative education, which is characterized by
“people-nature interdependence, future focus, common agendas for sustainability and per-
sonal and societal behavior regarding production and consumption” (Fricke et al., 2015, p. 17).
Howlett et al. (2016) have pointed out that educators, as important change agents, need to
rethink the learning process to enhance students’ understanding of the drastic consequences
for human life resulting from the overexploitation of a planet with finite resources.

The necessary cultural change can be achieved through sustainable education (SE). SE
refers to finding sustainable solutions to environmental, social, and economic problems
through education (Prabakaran, 2020). It challenges education to actively participate in
the creation of environmental, social, and economic programs that improve quality of life,
increase empowerment, and respect interdependence (Abduganiev & Abdurakhmanov,
2020). The skills needed for a sustainable development breakthrough can be promoted,
for example, through transformative teaching and learning (Odell et al., 2019), where the
focus is on critical reflection on knowledge in relation to the student’s own worldview
and preconceptions (Aboytes & Barth, 2020). This requires the development of student
participation, agency, and pedagogical solutions, as well as a commitment to sustainable
development practices and sustainable education in teaching and learning activities.

Biology education plays an important role in promoting sustainable development by
integrating a variety of educational strategies and subject content that promote understand-
ing of sustainable development practices, environmental stewardship (Akinwumi, 2023),
and also, for example, solving questions about food, transport, climate change, and threats
to health in a sustainable way:.

The integration of sustainable development into biology education is a growing area of
interest. Lozano et al. (2017) have sought to link pedagogical approaches to sustainability
competencies. Vare et al. (2019) have explored the competencies that might underpin a
qualification in education relating to sustainable development in any context. However, the
application of didactic theories to practical teaching and learning processes has remained
limited (Vare et al., 2019). The key gaps identified are the integration of sustainable devel-
opment in curricula (Avelar et al., 2023) as well as in teaching methods and pedagogical
approaches. There are also many previous studies focusing on, e.g., students’ conceptions
of subject content (Brechet et al., 2022; Palmberg et al., 2016, 2018; Sa-Pinto et al., 2022;
Yli-Panula et al., 2017a, 2017b) and teaching methods in biology education (Biggers, 2018;
Faruhana et al., 2022; Hafeez, 2021; Kassa et al., 2024).

To the best of our knowledge, although a significant amount of research on SE and
biology education has been published, there are very few studies from a holistic didactic
viewpoint on the implementation of SE in biology education in the context of teacher
education and school education for promoting a sustainable future. In order to fill this gap,
this paper aims (1) to clarify the state of the art in the domain and (2) to use the insights
of this literature review to propose ideas for integrating SE with biology education. In
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doing so, it contributes to a deeper understanding of holistic biology education related to
sustainable development to shape the development of curricula and teaching practices in
biology education in teacher education and at primary and secondary schools.

2. Theoretical Background

Successful teaching of biology requires the ability to think concretely, abstractly, and
critically. Perceptions on biology and its teaching have changed over the decades. This
section first presents visions of scientific literacy and sustainable development goals. There-
after, the role of biology education promoting sustainable development is described as
approaches and methods of teaching play a central role in promoting sustainable develop-
ment (EC, 2022; Uitto & Saloranta, 2017).

2.1. Visions of Scientific Literacy

Biology in the 21st century requires a revolution in teaching that corresponds to the
revolution that the discipline experienced in the final decades of the 20th century. Science
education, including biology education, has expanded from traditional subject-specific
emphases to the individual, societal, and professional significance of knowledge and skills
for students in their own lives. Many biologists think that, in education, new instructional
approaches and practices need to be implemented.

Researchers have developed various visions and frameworks to structure and im-
plement these changes in science education. For example, Roberts (2007) distinguishes
the mastery of scientific content and methods (Vision I) and how science relates to the
real world in different social contexts (Vision II). Vision I focuses on the processes and
results of science and seeks to educate individuals who can effectively utilize scientific
tools and facts. Vision II, by contrast, embraces the sociocultural applications of science
and embeds science in society, culture, and personal experiences. Sjostrom and Eilks (2018)
expand on this, defining three visions for science education, in which the significance and
emphasis of knowledge and skills are different. Interpreting the studies of Roberts (2007)
and Sjostrom and Eilks (2018), in addition to the basic goals of science education (Vision I,
“science literacy”, cf. ecological literacy), the current emphasis is on the application skills
and usability of scientific knowledge and skills in terms of the student’s own life decisions,
also outside of school (Vision II, “scientific literacy”, cf. environmental literacy). Sjostrom
and Eilks” Vision III (“science for transformation”) focuses beyond the field of knowledge,
from the individual to society (cf. ecoliteracy). Education aims to foster critical, socially
aware, and participating citizens who are able to apply biological knowledge and skills to
complex sustainability challenges (Uitto et al., 2024a).

The central idea of science education, including biology education, is creating a
foundation for the student’s scientific literacy (Roberts, 2007). In teacher education and in
school education, the development of scientific literacy involves three areas of scientific
content knowledge (cf. OECD, 2019):

1. Subject content knowledge: knowledge of the content of biology, such as phenomena
from molecules to the biosphere.

2. Procedural knowledge: knowledge of the methods of obtaining information in biological
research that are needed to produce reliable and testable information.

3. Epistemic knowledge: knowledge of biology as a natural science, its procedures for
studying and explaining phenomena in the natural world, and ways to test and argue
for information critically on the basis of research-based evidence using models and
other scientific methods of presentation.

Vision I includes students’ inquiry skills (Siarova et al., 2019), and Vision II and
Vision III emphasize relevance (Valladares, 2021). The difference is that Vision II highlights
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everyday life relevance, while Vision IlIl emphasizes the relevance for critical citizenship
and sustainability (Sjostrom & Eilks, 2018). Even though the three visions of scientific
literacy are dissimilar in content and purpose, they depend on and enhance each other
and overlap to some extent. According to the visions, the core subject aims in school
science, including biology education, are that students learn to critically examine their own
assumptions and beliefs, to take emotions into account, and to be aware of and understand
contradictions. They should learn negotiation, problem-solving, and decision-making skills
through discussions about ecological, social, economic, and ethical principles concerning
local and global responsibility in their own life.

2.2. Sustainable Development Goals (SDGs) and Educational Approaches Promoting
Sustainable Development

An ongoing debate over the last three decades has been how the role of education
should be conceptualized when creating sustainability and a sustainable future. Recently,
the 2030 Agenda proposed a focus on the role of education in achieving sustainable devel-
opment (UN, 2021). It covers the four main dimensions (environmental, social, economic,
and institutional) of sustainable development (UN, 2021).

The environmental dimension includes SDG 6 [clean water and sanitation], SDG 7
[affordable and clean energy], SDG 12 [responsible consumption and production], SDG 13
[climate action], SDG 14 [life below water], and SDG 15 [life on land]. The social dimension
consists of SDG 1 [no poverty], SDG 2 [zero hunger], SDG 3 [good health and well-being],
SDG 4 [quality education], SDG 5 [gender equality], and SDG 10 [reduced inequalities]. The
economic and institutional dimensions each contain only a couple of SDGs. The economic
dimension has SDG 8 [decent work and economic growth], SDG 9 [industry, innovation, and
infrastructure], and SDG 11 [sustainable cities and communities]. Finally, the institutional
dimension contains SDG 16 [peace, justice, and strong institutions] and SDG 17 [partnerships
for the goals] (UN, 2021).

SDG 4, called “quality education”, particularly focuses on ensuring inclusive and
equitable quality education and to promote lifelong learning opportunities for all (UNESCO,
2017a). “Quality education” is a specific goal that directly impacts the other goals. Its
role is also crucial in sustainability. The characteristics of quality education in relation to
sustainable development are presented in Table 1.

Table 1. Main and sub-characteristics of quality education in relation to sustainable development
(Efe & Umdu Topsakal, 2025).

Main Characteristics Sub-Characteristics
Interdisciplinary
Comprehensive and practical Holistic
Applicable

Critical and creative thinking
Value- and skill-focused Adopting norms and principles
Acquiring 21st century skills

Teamwork with awareness of social sustainability

Collaborative and participatory Ability to cooperate socially

Quality education enables action, for example, on the following SDGs: “decent work
and economic growth”, “industry, innovation, and infrastructure”, and “sustainable cities
and communities”. It also promotes individuals’ sustainable mindsets and values and
supports behavioral change towards sustainable development. It enables individuals
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to take responsibility for their decisions and actions and to be aware of their impact on
sustainability (Espinosa-Gutirrez et al., 2025).

The educational approaches promoting sustainable development reflect the change
in emphasis over time. Their aims and contents have different emphases. For example,
the concepts “education for sustainable development”, “sustainability education”, and
“sustainable education” differ in that the first one emphasizes the need for change in indi-
vidual behavior, while the latter two emphasize the need for change in local, national, and
international organizational culture (Sterling et al., 2018). However, all three approaches
can be understood to integrate the dimensions of sustainable development and to share a
common vision of quality education and a society that lives in balance with the carrying
capacity of Earth. They include inter- and multidisciplinary views, societal issues at the
local, regional, and global levels, as well as changes in education.

This study examines the teaching of sustainable development in biology education
from the viewpoint of sustainable education (SE). Sterling (2001, p. 22) defines SE as

a change of educational culture, one which develops and embodies the theory
and practice of sustainability in a way which is critically aware. It is therefore a
transformative paradigm which values, sustains and realises human potential
in relation to the need to attain and sustain social, economic and ecological well
being, recognising that they must be part of the same dynamic.

The integration of SE into biology education is a practical way to support students’
understanding of sustainable development and to foster transformative sustainable action.

The educational development of future educators can be characterized as a journey
that should be based on Agenda 2030 and its SDGs (Avelar et al., 2023). However, there
have been differing views on how this sustainable development teaching and learning
should be implemented, experienced, and assessed in teacher education and at schools
(Dyllick, 2015). This study aims to gain information on how the SDGs and sustainable
development have been implemented in biology education to date.

2.3. Biology Education Promoting Sustainable Development

Sustainable development today is a part of the European basic education and upper
secondary education, and it should be included in the curricula of different subjects, e.g.,
natural sciences (EC, 2024), including biology. This means that the teaching of subjects and
subject education plays an important role in SE at schools. Different subjects have their
own strengths in teaching sustainable development ideas (Uitto & Saloranta, 2017), and in
teaching ideas that cross subject boundaries (cross-subject didactics, Sjostrom et al., 2024), due
to the fact that the subject aims and learning objectives, topics, teaching methods, and also
evaluation and assessment methods differ across different subjects. Thus, the nature of the
subject (Gericke, 2022; Uitto & Saloranta, 2017) influences how sustainable development and
its ecological, social, and economic dimensions are taught in school and teacher education.

Biology education is closely linked to SE. Such links exist, e.g., in the fields of ecology,
biodiversity, conservation, and system biology. Biological phenomena connected to socioscien-
tific issues, such as climate change, need to have an integrative and interdisciplinary approach
to be thoroughly taught and learned. In this section, competencies and skills, subject aims and
learning objectives, knowledge types, teaching and learning methods, and evaluation and
assessment methods in biology education promoting sustainable development are discussed.

2.3.1. Competence Frameworks, Competencies, and Skills

In competence frameworks, subjects such as biology do not have a separately stated
significance, but the objectives are described as being linked to all educational levels.
In addition to the UNESCO (2017b) competence framework, the European Union has
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developed its own GreenComp competence framework (Bianchi et al., 2022). Competence
frameworks can be used to promote SE in universities and colleges, teacher education, and
vocational education.

The descriptions of competencies for sustainable development in UNESCO (2017b)
and in GreenComp (Bianchi et al., 2022) are similar, but there are also differences. Both
descriptions include the goals of valuing sustainable development, supporting equity, as
well as individual and community agency to promote sustainability. Both documents are
aimed at educators and policymakers, but UNESCO focuses specifically on curriculum
development, whereas GreenComp also has employers as a key target group. In addition
to improving workplace practices, GreenComp emphasizes political agency and readiness
to respond to the demands of a green economy (Sourgiadaki & Karkalakos, 2023). This
study examines SE in biology education based on UNESCO (2017b).

Competencies mean the ability to understand the interdependencies of ecological,
social, and economic systems (UNESCO, 2017b), and they are connected to skills. Skills are
the ability and capacity to carry out processes and use one’s existing knowledge to achieve
results (EU, 2018). In this study, key competencies are understood as distinct definable
competencies concerning different areas of sustainability knowledge (Table 2, UNESCO,
2017b). They are transversal, context-independent, multidisciplinary, and relevant to all
SDGs. They have been considered necessary for students of all ages around the world. Key
competencies enable persons to relate the different SDGs to each other—to see “the big
picture” of the 2030 Agenda for Sustainable Development (UN, 2021).

Table 2. Key competencies (UNESCO, 2017b).

Key Competencies Descriptions of the Key Competencies

Systems thinking

The ability to understand relationships, analyze complex systems,
consider different systems and scales, and deal with uncertainty

Anticipatory competency

The ability to understand and assess the possible, probable, and desirable
futures, create one’s own future prospects and apply the precautionary
principle to them, assess the consequences of actions, and deal with risks
and changes

The ability to understand and examine the community and societal norms

Normative competency (competency and rules underlying actions, to negotiate values, principles, and goals of
concerning norms and rules) sustainable development, and to deal with uncertain information

and contradictions
Strategic competency (Competency in The ability collectively to develop and implement innovative actions that
matters central to the school’s goals) promote sustainability at the local level and beyond

Collaboration competency

The ability to learn from others; understand and respect the needs,
perspectives, and actions of others (empathy); understand and be sensitive
to others (emphatic leadership) and handle conflicts in a group and
facilitate collaboration and participatory problem-solving

The ability to question norms, practices, and opinions; examine one’s own

Critical thinking competency values, perceptions, and actions and participate in the sustainable

development debate

Self-awareness competency

The ability to examine one’s own role in the local community and (global)
society to continuously evaluate and motivate actions, and to process
emotions and desires

Integrated problem-solving competency

The ability to apply different problem-solving frameworks to complex
sustainability problems and develop applicable, inclusive, and equitable
solutions contributing to sustainable development integrating the
above-mentioned competencies
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Competency in sustainability research and problem-solving means having the knowl-
edge, skills, and attitudes necessary for successful task performance and problem-solving
with respect to real-world sustainability challenges and opportunities (Wiek et al., 2011).
To solve real-world sustainability challenges, five key competencies are introduced, namely
systems thinking competency, anticipatory competency, normative competency, strate-
gic competency, and interpersonal competency. Interpersonal competency was later re-
named collaboration competency, and three new competencies were added to the list
(UNESCO, 2017b).

In science subjects, including biology, scientific (science) literacy and evolutionary
literacy are also seen as important key competencies. Scientific literacy includes both
conceptual understanding of the processes and epistemology and understanding of the
nature of science (Roberts, 2007). The nature of science (NOS, Erduran & Dagher, 2014)
refers to the understanding of what the general principles that characterize natural science
are and what scientifically valid knowledge acquisition is like. According to Roberts
and Bybee (2014), to be scientifically literate means to understand how science works in
practice. This includes understanding how scientists conduct research and collect data, as
well as understanding the processes scientists use to ensure the validity and reliability of
their findings. Scientifically literate citizens understand the nature of symbolic systems of
representation and expressions, are aware of their own socioscientific ways of thinking,
and know how to relate their actions to their own and society’s needs. They are able to
apply biological content knowledge in their everyday lives.

Evolutionary literacy is essential for planning and achieving a sustainable future (Pessoa
et al., 2024). The development of evolutionary literacy requires the ability and willingness
to learn continuously (prospective learning, Vogelstein et al., 2022). It is based on the
predictive ability to see cause-and-effect relationships of what actions should be taken to
achieve better outcomes (UNESCO, 2017a).

In biology education, teachers can foster the development of students” competencies
and skills by using different educational approaches, such as disciplinary, interdisciplinary
(Lozano et al., 2017), multidisciplinary, and transdisciplinary approaches (Molthan-Hill
et al., 2022). A disciplinary approach provides detailed insights within a single field, allowing
for a deep understanding of specific aspects, such as climate change or biodiversity. An
interdisciplinary approach deepens knowledge of individual disciplines across the STEM
fields (science, technology, engineering, and mathematics), providing a broad understand-
ing needed to solve real environmental problems (White et al., 2024). A multidisciplinary
approach combines different perspectives from different fields and subjects in education
(also including, for example, language education) and integrates these insights to form
coherent strategies (Persano Adorno et al., 2025). A transdisciplinary approach promotes col-
laboration with external stakeholders by addressing environmental challenges holistically
across sectors (Chopra et al., 2019). Focusing on key competencies, such as systems thinking
and anticipatory competencies (Palmberg et al., 2017; Pessoa et al., 2024; Yli-Panula et al.,
2021), biology education can support students” understanding of and action competence
for sustainable development.

2.3.2. Subject Aims and Learning Objectives

The key biology subject aims include aims related to the development of factual
and conceptual knowledge (Erduran & Dagher, 2014), scientific skills (Dogan & Kunt,
2017), environmental attitudes (Kahveci, 2023), and environmental awareness and feelings
(Ballard et al., 2024; Gazoulis et al., 2022). In line with the aims of science education, it is
important to also determine the subject aims concerning nature and living organisms so that
students are able to conduct research and apply the knowledge to their daily life. Teaching
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should also strengthen the fascination and joy of discovery, as well as the human sense
of wonder and curiosity towards all living things. Thus, the subject aims should promote
making knowledge and experiences useful in fostering a sense of care and respect for
nature and for our fellow human beings. They should increase the student’s understanding
of living systems and allow them to consider the systems in relation to themselves and
other organisms in the natural environment.

According to Kérna et al. (2012), students are best at factual and conceptual knowledge,
i.e., the basic levels of systems thinking. Tasks that require the application and analysis
of knowledge are challenging for students. Therefore, in addition to factual and concep-
tual knowledge, it is important to also define other subject aims, such as psychomotor
(Lewinsohn et al., 2015) and affective learning (Ballard et al., 2024; Gazoulis et al., 2022).

2.3.3. Learning Objectives in Relation to Competency Objectives

Defining learning objectives facilitates the selection and organization of content and
enables the assessment of learning outcomes. According to Rodriguez and Albano (2017),
there are four types of learning objectives: institutional, program-specific, course-specific,
and instructional. Institutional objectives address what students can expect from their
studies at an educational institution. Program-specific objectives describe the knowledge
and skills students are expected to acquire during their education. Course objectives
describe what students can expect to learn in a course. Instructional objectives describe
what students should know and be able to do and allow for the assessment of student
learning in relation to course objectives.

Learning objectives affect students” understanding of ecological processes. For ex-
ample, during a longitudinal study (Heldén & Heldén, 2008), it has been found that early
episodes in childhood in many cases seem to have an important influence on the students’
future learning about scientific phenomena. One way to support students” understanding of
environmental problems caused by human activity is to integrate SE into biology teaching,
with the aim of increasing their environmental awareness. This may support students to recog-
nize the ecosystem'’s crucial meaning for human life and for global sustainable development.

Learning objectives promoting sustainable development are related to the develop-
ment of understanding phenomena, functional skills, collaboration skills, critical thinking
skills, problem-solving skills, and research skills. The learning of these skills can be sup-
ported by arousing students’ interest and motivation in learning biological topics related to
sustainable development (Yli-Panula et al., 2024). Central for defining learning objectives
are competency objectives concerning strategic action. Examples of how the competency
objectives promoting sustainable development can be related to the learning objectives in
biology education are presented in Table 3.

Table 3. Competency objectives promoting sustainable development related to learning objectives in
biology education.

Competency Objectives (SDG = Sustainable Examples of Learning Objectives in Biology Education
Development Goal) (UNESCO, 2017a, 2017b) (Uitto et al., 2024a)

To develop students’ systems thinking and ethical

thinking (SDGs 12-15)

To understand ecological systems and biodiversity and the
importance of their conservation in relation to technological,
social, and economic systems; understanding the structure,
function, and interactions of living nature from the molecular
and cellular levels to the biosphere
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Table 3. Cont.

Competency Objectives (SDG = Sustainable
Development Goal) (UNESCO, 2017a, 2017b)

Examples of Learning Objectives in Biology Education
(Uitto et al., 2024a)

To examine the past, present, and future in terms
of evolution, ecological systems, and the
preservation of biodiversity, and to reflect on
human well-being and responsibility in relation to
nature and other people (SDG 17)

To develop capabilities for studying and working in fields that
utilize biology; understanding the opportunities offered by life
sciences to promote the well-being of humanity, other
organisms, and living environments; increasing understanding
of how biological knowledge can be utilized in everyday life, in
postgraduate studies, and in working life

To understand the standards for sustainability
education stated in curricula (SDG 17)

To reveal the image of the necessity of a sustainable lifestyle and
the importance of a circular economy that saves
natural resources

To develop and implement activities in the school’s
immediate environment to promote student
learning and well-being (SDGs 4, 5, and 16)

To develop the student’s capacity to influence and participate
from the perspective of developing their own local environment
and ensuring its vitality; support a sustainable lifestyle in the
student’s own local environment

To develop student identity by incorporating
collaborative inclusive learning into teaching,
promoting collaborative interaction within the
school community, and developing collaborative
learning environments (SDG 17)

To develop students” cooperation skills and sense of community
by using interactive working and operating methods

To develop students’ critical observation skills,
critical thinking, and critical reading skills
(SDG 17)

To develop an understanding of how biological knowledge and
skills can be applied and utilized in one’s own life, in ethical
considerations and in following current news related to biology;
developing a critical examination of various phenomena and
sources of information; developing a critical evaluation of
biological information transmitted through the media

To support students’ self-assessment skills and
ability to reflect on themselves as learners and
develop students’ self-regulation skills, sense of
competence, self-respect, and self-direction
(SDG 5)

To support students in understanding themselves and other
people and setting their own goals

To develop students’ problem-solving skills and
encourage students to engage in problem-solving
and argumentation (SDG 17)

To support students” problem-solving skills; supporting the
formulation of questions and research problems regarding the
phenomena under study

2.3.4. Knowledge Categories and Knowledge Types

According to Harlen et al. (2010), biology is based on four big ideas. (1) Organisms
are organized on a cellular basis. (2) They require a supply of energy and materials, for
which they are often dependent on, or in competition with, other organisms. (3) Genetic
information is passed down from one generation of organisms to another. (4) The diversity
of organisms, living and extinct, is the result of evolution.

Biology contains a number of key concepts, some of which are also found in chemistry
and physics, such as the flow of energy and the circulation of materials. However, many key
concepts are specific to biology, such as reproduction, heredity, evolution, and homeostasis.
All organisms are able to regulate their internal environments to a very considerable degree,
although this is more apparent in some types (e.g., most mammals and birds) than in others
(Reiss & Winterbottom, 2023).

The big ideas and the key concepts form the basis of subject matter content knowledge
(SCK). Additionally, a teacher must have curriculum knowledge and understanding of the
principles of related teaching activities; in other words, pedagogical content knowledge
(PCK) (Shulman, 1986). According to Shulman (1986), SCK is the teacher’s knowledge
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of the content and structure of a subject. Curriculum knowledge includes knowledge of

curricula, learning materials, and knowledge of what is to be taught in the subject area.

PCK is information about how the subject matter to be learned should be formulated so
that students understand it (Shulman, 1986). Table 4 provides examples of how SCK and
PCK relate to knowledge categories and types. Understanding and solving environmental

problems requires both SCK and PCK related to planetary boundary conditions (Rockstrém

& Sukhdev, 2016). Planetary boundary conditions are the boundary values that define a

safe operating range for humanity within the framework of biological and physical systems

(Rockstrom et al., 2009).

Table 4. Knowledge categories and types (Shulman, 1986; Yli-Panula et al., 2025).

Related to
Knowle‘dge Definition Knowledge Types -
Categories SCK PCK
Knowledge of classification X
Knowledge of principles «
and generalizations
Factual knowledge is common knowledge about 8
Factual and . Knowledee of th
Conceptual what is needed to be successful to meet a goal. owledge of theory, «
knowlg dee Conceptual knowledge consists of knowing how models, and structures
& facts can be organized in meaningful ways. .
Knowledge of terminology X
Knowledge of details and y
basic elements
"}flhis infor{nation ccg?cerns h}(:w to {io sqmethirllg or  Knowledge of skills,
Methodological ow to solve a problem, such as a learning tas technical methods «
knowled (Osborne et al., 2018). It is also information about concerning subjects
nowledge research methods, such as how to make observations
and study life phenomena. Knowledge of usage criteria X
This is a teacher’s knowledge (Krathwohl, 2002) and Knowledee of strateies
Metacognitive student’s knowledge about how they can manage usage of rie thods ar% f ! y
knowledge their own learning and plan their studies sel f—gawareness ’
(Krathwohl, 2002; Pintrich, 2002).
This is systematically collecting and analyzing
Evaluative information. It is linked to evaluative thinking, a Knowledge of
Kknowledoe disciplined approach to inquiry and reflective understanding interactions X
& practice that helps people to make judgements with  and performance
good evidence by habit (Cole, 2023).
Critical reflection is a ‘meaning-making process’ that
helps people to set goals and use what they have
learned to inform future actions and consider the
Critical real-life implications of their thinking. It links Knowledee of reviewin
reflection and thinking and doing and can be transformative recons tru%tin ro-enac tigrll
reflective (Rodgers, 2002; Schon, 1992). Reflective knowledge and criticall %a,nal zin &
knowledge is an actor’s ability to evaluate their epistemic y yzmg

position and the circumstances of knowing. It is part
of the belief formation process and confirms the
overall process of knowing (Broncano, 2014).

There are many relevant issues regarding teaching and learning sustainable devel-

opment in biology education. According to Vision I, knowledge of biology includes

understanding of what and what kind of biological phenomena are, how and why they
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occur, and how biology as a scientific discipline studies life phenomena using scientific
methods (Uitto et al., 2024a). This kind of knowledge can be seen as teachers’ subject
matter content knowledge (SCK) (Shulman, 1986). In Agenda 21 (UN, 2003) and the 2030
Agenda for Sustainable Development (UN, 2021), the following issues are listed: soil/land
degradation; desertification; biodiversity/biodiversity loss; climate change; water/oceans;
poverty and justice; health and food; consumption; gender differences/gender equality;
and housing/safe, resilient, and sustainable human settlements and participation. The
UN (2003) mentions environment and development; pollution; agriculture; biotechnol-
ogy; and new technologies. The UN (2021) also emphasizes protection of ecosystems,
sustainable energy, and sustainable industrialization. In SE, the starting point for learning
should be learning the names of things (Jensen, 2025) because it is the first step toward
ecological literacy.

Ecological literacy is based on science and sustainability knowledge. It includes concep-
tual knowledge, meaning understanding individual concepts as well as broader conceptual
issues and their connections (Krathwohl, 2002). For example, the concept of ecosystems
is related to environmental issues such as the use of fossil fuels, global warming, popu-
lation growth, and soil degradation. Ecological literacy may help people to understand
environmental issues at the local, regional, and global levels (Bleier, 2021). It also in-
cludes an attitude of caring about the environment and the tendency to act on the basis
of environmental knowledge and feelings. It refers to applying ecological knowledge and
problem-solving approaches, enabling solutions based on ecological science (Lewinsohn
et al., 2015).

Previous research has shown that environment-based learning can enhance students’
awareness and understanding of sustainability concepts and systems thinking (Palmberg
et al., 2017). According to Jensen (2025), it is important to educate growing generations
to be knowledgeable about ecological concepts that bind species, human beings included,
together. Systemic concepts regarding photosynthesis, food production, natural and human-
made climate change, biodiversity, and ecosystem services need to be embraced, like the
understanding of systemic interrelatedness in ecosystems, such as thermodynamics, nutri-
tional cycles, and population dynamics (Jensen, 2025). Insufficient ecological awareness is
closely linked to environmental challenges.

SE has tended to focus on good practices within business-as-usual approaches, such
as environmentally friendly consumer choices regarding food, transportation, and recy-
cling (Jensen, 2025). However, making environmentally friendly choices does not foster
agency outside the private sphere. Models of science education have changed over the
years. Competency-based models, such as PISA, focus on key skills: explaining phenomena
scientifically, evaluating scientific research, and interpreting evidence in real-world settings
regarding the conscious connection of a person’s cognitive and linguistic abilities with their
sense of place and a well-founded self-awareness of their place in the world (Jensen, 2025).
At the core of this view is powerful knowledge. According to Young (2009), powerful
knowledge is distinct from common sense knowledge, systematic and specialized. This
means that powerful knowledge can serve as contexts (OECD, 2017). The “contexts” com-
ponent moves science education from content-focused approaches to applying knowledge
in different contexts and to attitudes that support application (Kumar & Kumar Choudhary,
2025). The PISA 2025 framework introduces a “science identity” that emphasizes students’
perception of themselves as capable scientific participants (OECD, 2023) to critically address
societal issues.

For a deeper understanding of one’s own and humans’ role and position in relation to
the ecosystem and for evoking students’ agency as future responsible citizens and decision-
makers, according to Vision II, it is important to apply biology knowledge in a person’s
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own life and as a member of society (Uitto et al., 2024a). For this, one needs methodological
knowledge (Krathwohl, 2002), knowledge about how observations about the biological
phenomena and critical reflections based on sufficient scientific knowledge are made, how
something is done, and how a problem can be solved.

According to Vision III, the goal of learning is action competence. Competence can
generally be defined as having the experience, knowledge, and self-awareness to attend to a
task effectively, with agility, under any circumstance, and to do so ethically (Lawrence et al.,
2023). These three constructs are interdependent and all equally important. In the case
of action competence, competence refers to the ability to acquire the relevant knowledge,
along with the willingness (i.e., commitment and passion) to take action, confidence in
one’s own capacities for change, and confidence to take relevant action (Sass et al., 2020).
It can be seen as integrated sustainability competencies and skills, attitudes to solve a
real-world problem, and knowledge (Demssie et al., 2019). Action-oriented knowledge
includes knowledge about the root causes of a problem and knowledge about strategies for
change (Lampert et al., 2025).

Knowledge in biology is crucial when teaching sustainability (Uitto et al., 2024a).
Metacognitive knowledge is the teacher’s knowledge and the student’s knowledge about
how they manage their own learning and life (Krathwohl, 2002). Evaluative and reflec-
tive knowledge are typical for lexical ecological literacy. The concept provides a basis for
generalization and thinking outside specific contexts or cases.

Powerful knowledge that relates to the goals of Visions II and III supports students
to find reliable explanations for phenomena and new ways of looking at the world and
possibilities to participate in social and ethical debates. Subject-specific educational content
knowledge (Hudson et al., 2023) is essential for teaching and learning science subjects,
including biology. Biology content areas such as ecology, biodiversity, and evolution can be
combined with reflections on natural values, human health, and well-being in accordance
with Vision II (Aivelo & Uitto, 2021; Sa-Pinto et al., 2022; Tidemand & Nielsen, 2017;
Yli-Panula et al., 2022b). Many topics are connected to ecological, social, and economic
sustainability (Uitto & Saloranta, 2017; Yli-Panula et al., 2022b). Ecology is related, e.g., to
land use, production and consumption of commodities, nature loss, and ways to protect
biodiversity. Biology topics can also link to social sustainability themes, such as human
rights and equality, as stated in Vision III. The topics related to the well-being of humans and
nature can appeal to attitudes or emotions and thus be sensitive to be taught (Ottander &
Simon, 2021; Tidemand & Nielsen, 2017). Visions I-III for science education yield outcomes
for the content and culture of science education, including biology education. To realize all
three visions, teachers need both SCK and PCK.

2.3.5. Teaching and Learning Methods

Based on the classification criteria chosen, teaching and learning methods can be
classified in different ways. According to Landey et al. (2020), due to the large number of
activities and their different variations, the same method can belong to different categories.
In the most popular classifications, the main criteria are the person(s) to whom the teaching
activity is directed, the type of training/lesson, the type of main activity, the degree of
activity or passivity of the students, and the prevailing means of communication (oral or
written). Based on the degree of activity of the individual at the center of the teaching
activity, three types of teaching and learning methods are distinguished: teacher-centered,
interactive, and student-centered methods (Landoy et al., 2020). Table 5 presents examples.

In teacher-centered (traditional) methods, the teacher is the primary authority and
source of information. The teacher sets the ground rules for the classroom, presents
the content to be learned, and creates both lesson plans and assessments. The teacher
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explains the objectives of the lesson and provides feedback to the students, but the students
are responsible for implementing the plans. Examples of this type include lectures and
teacher presentations.

Table 5. Teaching and learning methods (information and communication technology, ICT; artificial in-
telligence, Al) (Ghafar, 2023; Kesler, 2020; Landoy et al., 2020; Sodervik, 2024; Yli-Panula et al., 2018).

Teaching and Learning Methods

Interactive Methods

Teacher-Centered Methods Student-Centered Methods

Methods of organizing information

and graphics:
Visualization
- conceptual map
Skill-based - diagrams
- conversation Methods of stimulating creativity:
- discussion . .
- areumentation brainstorming
Lecture-based Ut . . panel discussion
- exercise (drill and practice) N .
- oral li experiential learning
) . - modeling di 1 .
written . . 1scovery learning
. - field trips .
- video . . problem-based learning
. . - project-based learning- L .
- instruction - case analvsis and case stud inquiry-based learning
- explanation and demonstration field wori y creative problem-solving
- story telling collaborative learning

- experiments

service-design process

- educational games
- knowledge building learning ICT
- cooperative learning - simulations and animations
- design-oriented learning
- extended Reality
- ChatGPT
- virtual learning
- Al

On the other hand, interactive methods refer to methods of teaching that engage the
classroom. Unlike memorization, interactive teaching encourages students and teachers to
collaborate to foster learning. Interactive methods include, for example, discussions and
field trips.

The third type includes student-centered methods, which are based upon the concept
of constructivism, where students can confer meanings to what they learn by relating
new information to what they already know. This type of method includes, for example,
research-based working methods and learning outside the classroom.

In addition to traditional teaching methods, student-centered methods are also used
today more than before. Different problem-based teaching and learning methods and
problem-solving outdoor education and learning are important ways to foster understand-
ing for sustainable development (Yli-Panula et al., 2018).

Problem-based learning (PBL) is a student-centered approach to learning that involves
groups of students working together to solve a real-world problem. Through PBL, students
strengthen their teamwork, communication, and research skills and also sharpen their
critical thinking and problem-solving skills, which are essential for life-long learning
(Kurt, 2020). In PBL and inquiry learning, students define their own goals and study
independently and self-directedly, after which they return to the group to discuss and refine
the knowledge they have acquired. Students’ interests, knowledge, attitudes, and behaviors
concerning sustainability can be improved via problem-based activities and learning-by-
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doing (Lieflainder & Bogner, 2018). Collaborative learning supports students’ acquisition
and internalization of knowledge via active participation in groupwork while searching for
information and while discussing the information found (Yli-Panula et al., 2018).

Woods et al. (2024) propose that learning should be conducted with a place, rather
than about it, and the effects of students” own behavior should be discussed and sustainable
actions practiced in local surroundings. Field-based activities, such as field trips and field
work, provide students with authentic interactive experiences and experiential learning
opportunities (Yli-Panula et al., 2018). Field work is defined as “any component of the
curriculum that involves leaving the classroom and learning through first-hand experience”
(Boyle et al., 2007, pp. 299-300). It develops students” observation skills, increases their
interest and attainment, and improves their cognitive learning (Randler & Bogner, 2006).
These are also crucial factors in promoting sustainable development.

Experiential learning is authentic first-hand sensory-based learning through a specific
experience. It supports deep cognitive understanding by providing hands-on experiences
that connect students to local and global ecosystems (Czajkowska & Ingaldi, 2023; Kiewra
et al., 2023). Through active environmental activities with engagement with real-world
sustainability challenges, affective experiences can strengthen ecological awareness (Lovren
& Jablanovic, 2023) and encourage participation (Firinci Orman, 2024). Personalized ex-
periential learning allows students to engage with real-world sustainability challenges in
authentic and meaningful ways and provides opportunities to develop a deeper under-
standing of the multifaceted aspects of sustainable development. Immersive experiences
likely influence students’ attitudes toward sustainability (Murti et al., 2025) and foster a
deep sense of environmental responsibility (Friman et al., 2024). Experiential and research-
based outdoor learning also support understanding the importance of biodiversity by
taking a responsible approach to nature and taking action to conserve biodiversity (Wolff,
2022), as well as understanding the impacts of one’s own actions. Sensory and musical
teaching and learning methods can strengthen a “nature feeling” or “nature connection”
(Jensen, 2025).

Information and communication technology (ICT) and advanced technologies, as well
as students’ increased access to digital devices in schools and at home, have opened up new
opportunities for visualizing and experimenting with phenomena (Yli-Panula et al., 2019).
Digital literacy has emerged as a core skill in science education. In biology education, digital
literacy is understood as the use of digital tools for acquiring information, as well as under-
standing and investigating biological concepts and phenomena (Bennett & Saunders, 2019).

Mobile learning technologies, including educational apps, virtual laboratories, and
online platforms, offer a diverse and interactive approach to biology teaching and learning
(Sangur et al., 2025). Mobile learning is an approach that integrates technology and user
interaction to provide access to educational resources without the constraints of time and
space, using devices such as smartphones, tablets, computers, and laptops (Singh & Suri,
2022). It is a part of learning that functions as a learning medium to improve critical
thinking and student motivation and increase student self-confidence and satisfaction as
users (Song & Cai, 2024). Beyond mobile learning, other digital learning technologies have
emerged over the decades.

Various applications of extended reality (XR) (augmented reality, AR; virtual real-
ity, VR; and mixed reality, MR) offer the opportunity to examine things and phenom-
ena that are otherwise out of reach or to perform various experimental learning tasks
(Alnagrat et al., 2022; Kapp et al., 2020; Sodervik et al., 2021). AR learning environments
enable the examination of microscopic things and processes, e.g., cell structures and cell
division, and molecular biology (Bennett & Saunders, 2019; Reen et al., 2022). They can
also be used to observe places and time dimensions (e.g., anoxic lake bottoms or melting
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glaciers) that would otherwise be inaccessible (Sodervik, 2024). Virtual nature experiences
can in some situations be as effective in supporting environmentally friendly behavior
as learning situations that take place in real nature (Deringer & Hanley, 2021). Virtual
learning can increase student motivation and support learning (Bennett & Saunders, 2019;
Kapp et al., 2022). The use of artificial intelligence (Al) in education is also increasing, and
students will need so-called Al literacy later in life (Toivonen, 2023). Al literacy is the ability
to understand, use, monitor, and critically reflect on Al applications (Laupichler et al.,
2022). Al can be used, e.g., to create learning tasks that are appropriate for the students’
competencies and that develop their ethical thinking and empathy skills (Chiu et al., 2023).

In biology education, teaching and learning methods should be selected for support-
ing learning biology, learning to conduct biological science, and learning about biological
science. Different learning environments and topical and contextual tasks can promote
meaningful learning. Studies have found that changing the learning environment from
traditional to digital can support learning. For example, combining augmented reality
learning environments (e.g., a virtual laboratory) with a traditional learning environment
(e.g., a regular school laboratory) may support learning better than either learning envi-
ronment alone (Sodervik, 2024). Collaborative technology increases high-level cognitive
and social interaction when students work together to achieve deeper understanding
(Hakkarainen, 2003).

2.3.6. Evaluation and Assessment

Comprehensive evaluation is an important part of teaching and learning processes.
It provides teachers with information regarding students’ interest in the topics covered
in biology education and how, as a result of teaching, they have been able to build, for
example, values related to sustainable development. Assessment practices are integral
to pedagogy and learning outcomes (Vahed et al., 2023). Effective curriculum design
requires the integration of assessment, teaching, and feedback to enhance student achieve-
ment (Ali, 2018). Assessment tasks provide students with opportunities to reflect on their
learning experiences, develop theoretical knowledge, and apply their understanding to
real-world contexts.

There are three types of assessment: diagnostic, formative, and summative. Diagnostic
assessment maps the starting level of learning and students’ preconceptions (Atjonen, 2017;
Sodervik, 2024). Formative assessment is an ongoing process that focuses on activities
during the learning process and supports students in building conceptual understanding
(Veugen et al., 2021). Summative assessment, on the other hand, typically takes place at the
end of the learning process. It examines how the learning objectives are achieved and at
what stage of the process of conceptual change the student is (Atjonen, 2017; Sodervik, 2024).
It serves purposes such as accountability, ranking, and certifying competence (Schellekens
et al., 2021). The interplay between formative and summative assessments underscores
the importance of continuous assessment in guiding students toward understanding their
progress in the acquisition and internalization of knowledge.

Teachers must identify different levels of learning from the content being studied,
demanding that the content areas and the teaching and assessment are planned in line with
these levels when assessing the construction of the students’ conceptual understanding
(Bloom et al., 1956; Krathwohl, 2002). Factual and conceptual learning can be assessed with
tasks that measure knowledge (e.g., gap tasks and concept definition tasks) (Sodervik, 2024).
By focusing on systems thinking, such tasks allow for an examination of the extent to which
the students have understood concepts and are able to explain phenomena scientifically. In
biology teaching, learning according to Vision I can be assessed, for example, by examining
how the students understand, apply, analyze, evaluate, and present information about the
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structure and function of ecosystems, ecosystem services, and nature conservation (Uitto
et al., 2024b).

More demanding learning tasks are needed in assessing the students” deeper knowl-
edge of the subject and their ability to apply what they have learned. Learning method-
ological knowledge according to Vision II can be assessed based on the students’ outputs.
In the students’ essays, portfolios, and project reports, a key assessment item can be how
the students apply the knowledge to commonly encountered and important problem-
solving situations (Sodervik, 2024). By examining how they evaluate, for example, the
forest environment and its use based on biological knowledge from the perspective of their
experiences and hobbies, it is possible to assess the students” knowledge of the subject,
critical evaluation of different perspectives, presentation of arguments based on scientific
knowledge (Uitto et al., 2024b), and ability to apply what has been learned, possibly across
subject boundaries (Sodervik, 2024).

Learning metacognitive, evaluative, and reflective knowledge according to Vision III
can be assessed by examining the development of the students’ action competence from
the perspective of promoting sustainability (Sjostrom & Eilks, 2018). For assessing in-depth
conceptual understanding and change, open tasks provide an opportunity to understand
the students’ thinking. A way to assess deep conceptual understanding and conceptual
change is through practical work by focusing on integrated problem-solving (Aleknaviciate
et al.,, 2023). In biology teaching, it can be assessed, for example, how the students integrate
ecological, social, and economic perspectives of sustainability into their activities, how they
accept different perspectives (pluralism), and how action-oriented they are (Olsson et al.,
2022; Uitto et al., 2024b).

3. Research Aim and Questions

Although a fair amount of research has been published on biology teaching and
sustainable education (SE), there is a lack of research-based information from a holistic
viewpoint on biology education that includes sustainable development in teacher edu-
cation and school teaching. In this study, sustainable development goals, subject aims
and learning objectives, knowledge, teaching, and learning methods, and competencies
and skills are clarified and described for promoting sustainable development in biology
education. In addition, assessment methods are explored for fostering sustainability com-
petencies and skills. Figure 1 presents the research questions of this study in relation to the
theoretical background.

Visions of scientific literacy,
Sustainable development goals (SDGs)

A 4
Biology education
P A » A > 1 2
Kooretae Teaching and Assessment
Competencies Subject aims - subject content g iEe . .
SDGs (RQ 1) and skills agg.ii‘ir‘;‘égg kn_owk(-zjgge (i?:glK) - teacher-centred '_?é?g;?ﬁéc
(RQ2) (IRQ 3) p%on?gr?[ - interactive -summative
knowledge (PCK)  ~ student-centred (RQ 6)
(RQ 4) (RQ5)

Figure 1. The research questions in relation to the theoretical background.

This study is based on the following RQs:
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(1) Which of the UN sustainable development goals (SDGs) have been included in biol-
ogy education?

(2) Which kinds of competencies and skills promoting sustainable development have
been included in biology education?

(3) Which kinds of subject aims and learning objectives promoting sustainable develop-
ment have been included in biology education?

(4) Which kinds of knowledge promoting sustainable development have been included
in biology education?

(5) Which kinds of teaching and learning methods promoting sustainable development
have been included in biology education?

(6) Which kinds of assessment methods fostering sustainability competencies and skills
have been included in biology education?

The findings are expected to contribute to the development of biology education
promoting sustainable development in teacher education and school teaching to support
the shift towards sustainable living and well-being.

4. Materials and Methods

In this study, the focus is to clarify how sustainable education (SE) teaching and
learning ideas have been incorporated into sustainable development-focused biology
education. The study is qualitative with some quantitative elements. The detailed steps in
conducting data analysis are illustrated in Figure 2.

[Identify | [ Data | [ Bibliometric | Content | /Data ] .ﬁata :
data sources | | collection | *| data analysis/ | analysis | |visualization | interpretation |

Figure 2. Steps in conducting data analysis.

4.1. Selection of Materials

The material was selected by applying the method presented by Alvarez-Garcia et al.
(2015). For a systematic review, peer-reviewed documents were selected using a consistent
search strategy, criteria were established for the selection of documents to be considered,
and the documents were analyzed based on clear and precise criteria and aspects (S. Green
etal., 2011).

The documents published between 1 January 2000 and 31 December 2024 were
searched from the database Scopus. Scopus is a comprehensive multidisciplinary abstract
and citation database covering multiple scientific disciplines, including social, physical,
health, and life sciences. Compared to more restricted databases, it offers extensive compre-
hensive coverage of peer-reviewed literature, conference proceedings, and other scholarly
sources (Donthu et al., 2020).

The search strategy was based on a systematic organization, categorization, and selec-
tion of keywords related to biology education, biology curriculum, teaching and learning
objectives, powerful content knowledge, teaching resources, teaching methods, evaluation
and assessment, students” outcomes and competencies, implications and impacts, research
gaps, sustainability, sustainable development, sustainable development goals, and 2030
Agenda. Using these keywords, a hierarchical search strategy was applied, starting from
the simplest expression (one term) to the most complex form (combinations of terms us-
ing Boolean operations). All searches were conducted in English between 6 April and 9
May 2025.

When selecting material for the analyses, the following criteria were used:

(a) Language: English;
(b) Period: 2000-2024;
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(c) Scope: national and international publications;

(d) Educational levels: primary, secondary, and higher education;

(e) Types of studies: documents in biology education that provide concrete support to
the development of biology curricula and teaching;

(f)  Quality: academic studies.

The sample selection process adhered to the flowchart shown in Figure 3, which
aligns with previous studies (Yli-Panula et al., 2018, 2020a, 2020b). During the first phase
(Identification), 1683 documents were retrieved from the Scopus database using each key

7o

term’s “article title, abstract, and keywords” search option without limiting the document
type. In the second phase (Screening), the search was refined to include only the articles,
book chapters, and books with sufficient pertinence or adequate interdisciplinary coherence,
reducing the number of documents to 175. Then, duplicates were removed, bringing the

final number of documents to 165 (119 articles, 45 book chapters, and 1 book).

Documents identified on the Scopus database,
including all document types (n=1683)

Z20==1P>O=MN==2Z2M0O =

R v

Documents excluded because they were not articles,
book chapters, or reviews (n=1490)

I

Documents excluded because insufficient
pertinence or inadequate interdisciplinary coherence
(n=18)

|
v

Duplicates (n=10)

Total items included in this study (n=165)

QZ—-ZmMmmuOwn

omocr-OoZ -

Figure 3. The process of selecting publications for bibliometric analysis (figure by the authors).

Mixed types of sources were selected for the data analysis in order to obtain the
most comprehensive picture of the current situation in biology education for supporting
sustainable development in teacher education and primary and secondary school education.
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4.2. Analysis Methods

The data analysis was carried out in two phases: a bibliometric analysis, followed by a
qualitative content analysis. The clusters produced by the bibliometric analysis produced a
general description of the research topics. Then, content analysis was used to search for
meaningful views on the phenomenon under study and to find ideas for developing biology
education focused on sustainable development in teacher education and school teaching.

4.2.1. Bibliometric Analysis

To identify the state of SE in biology education studies, a bibliometric analysis based on
the titles and abstracts of the studies was performed. An artificial intelligence (Al)-assisted
approach was used.

In the long run, the main reason for introducing Al tools for bibliometric analysis is
scalability. During the last few years, the scope of scientific activity has significantly ex-
panded, making it increasingly difficult for an unassisted human to keep up with the latest
research. Traditional human-made reviews are limited by time and attention considerations,
whereas Al tools can operate quickly and on much larger datasets.

Another long-run consideration is that Al tools enable agile reviews. By moving the
workload of reviewing existing studies from human experts to Al systems, a researcher
with access to an online article database can perform on-demand automatic reviews of
specific topics, expediting access to a synthesis of the latest scientific knowledge.

In the near term, however, the effectiveness of such Al tools needs to be validated.
This study looks at a traditional small dataset using a complementary combination of
Al-powered and traditional manual analysis. The initial clustering was performed by Al,
and then each automatically detected cluster was manually analyzed, named, and split
into subtopics.

The automatic part of the bibliometric analysis was performed with Raven-visualizer
(J. Jeronen, 2024), which is an open-source visual topic analysis tool for exploration of
scientific literature.

The final result from the bibliometric analysis step was a two-dimensional semantic map
clustering semantically similar studies together, thus facilitating the content analysis step. The
process by which the software automatically produces the semantic map is based on small
specialized Al models and statistical algorithms and is explained in detail in Appendix B.

The semantic map was visualized interactively in Raven-visualizer, displaying the
two-dimensional data together with the corresponding metadata of the studies (from the
original BibTeX dataset), as shown in Figure 4.

Additionally, Raven-visualizer was used to generate a word cloud from the dataset.
The details of how the titles and abstracts were processed for the word cloud are explained
in Appendix B. The resulting word cloud is shown in Figure 5.

The automatic clustering revealed six distinct clusters and eight outliers (individual
data points), which did not fall into any cluster. The top-level grouping and cluster
numbering follow the results of the automatic clustering. In addition to yielding a useful
top-level grouping, this shows the current level of capabilities as well as limitations of the
automatic clustering algorithm in the current version of the software used.

To provide an overall qualitative understanding of each cluster, the range of topics
within that cluster was extracted by further manual content analysis of the titles and abstracts.
These more specific topics are shown in the column labeled Item topics in Table 6. Studies that
did not fit the top-level theme of the cluster that the automatic clustering placed them in are
marked with the item topic outlier. Many such outliers were from other fields outside biology
education. The reason these items were present in the dataset is that the online search engine
had spuriously included them in the search results from which the dataset was constructed.
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Figure 4. The two-dimensional semantic map for the dataset of this study (n = 165). In the visualizer,
the dataset can be explored interactively. Semantically similar items are located near each other in the
semantic map. The map is colored by the detected final clusters (screenshot by the authors).
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Figure 5. Word cloud, computed from the full dataset (n = 165). The words were automatically
collected from the titles and abstracts, automatically cleaned up, and then plotted as a word cloud

(figure by the authors).

https://doi.org/10.3390/educscil6020201


https://doi.org/10.3390/educsci16020201

Educ. Sci. 2026, 16, 201 21 0f 75

Table 6. Clustered studies, topics of cluster items, cluster numbers, and topics.

Clustered Studies Item Topics (n) C(();)nt C?:;f{g‘;?,; e;riecl:d
Assaraf and Snapir (2018); Byrne and Grace (2018);
Carson et al. (2018); Duncan and Boerwinkel (2018);
Gericke and El-Hani (2018); Hamman (2018); Scientific knowledge 49 40 Bioloov education
Kampourakis and Stasinakis (2018); Korfiatis (2018); (13) &Y
McComas (2018); Millstein (2013); Nehm (2018); Reiss
(2018); Sanders and Jenkins (2018)
Akpinarli and Turan (2023); Ariely and Yarden (2018);
Bass (2012); Cheng et al. (2021); Conde-Caballero et al.
(2019); Courter (2012); Danilov and Danilova (2013);
Driver et al. (2000); Ergazaki (2018); Evans and
Rosengren (2018); Fuentes and Entezari (2020);
Fortsch et al. (2018); Hamman (2018); Harland and
Wald (2018); Harms and Bertsch (2018); Subject content
Jiménez-Aleixandre and Evagorou (2018); knowledge (SCK) and
Kampourakis and Niebert (2018); Khanipoor et al. pedagogical content
(2024); Kwiek et al. (2007); Lederman (2018); knowledge (PCK) (32)
Ledbetter (2012); Lépez-Ferndndez et al. (2024);
Power (2012); Reiss and Kampourakis (2018);
Rozenszajn and Yarden (2015); Rutledge (2008);
Schmitt-Harsh and Harsh (2017); Stern (2000); Stover
and Mabry (2010); Susman (2015); Wanieck et al.
(2020); Yoon et al. (2015)
Arita (2017); Livotov et al. (2021); Pessoa et al. (2024); .
Santhosh et al. (2025) Outlier (4)
Sustainability and #1 Sustainability,
Dénmez (2024); Schlicht-Schmiilzle et al. (2024) devesl‘;;tzgﬂfohcy 13 S(‘Sl%t;“:ﬁ'é’lseui‘f;ﬁé‘f:
) education goals (SDGs)

Brody and Ryu (2006); Capello et al. (2021); da Silva
and de Aratjo (2022, 2024); Faizah et al. (2024);
Ferrer-Estévez and Chalmeta (2021); Ghazian and SE and SDGs (10)
Lortie (2024); Mikhailova et al. (2024); Prieto-Jiménez
et al. (2021); Wieérs et al. (2024)

Stevens et al. (2022) Outlier (1)

Abramovich and Loria (2015); Barraza and Castafio
(2012); Bezeljak et al. (2020); Biletska et al. (2021);
Desa et al. (2021); Edwards et al. (2015); Faizah et al.
(2024); Leal Filho et al. (2016); Hartadiyati et al. (2019,
2020); Jeronen et al. (2017); Pimdee (2020); . #2 Teacher education
Purwianingsih et al. (2022); Putra et al. (2022); Teacher education (21) 37 and school education
Rasmussen (2017); Sebastian-L6épez and Gonzalez
(2020); Sidiropoulos (2018); Streiling et al. (2021);
Suwono (2019); Yli-Panula et al. (2024);
Weber et al. (2020)

Al-Mugbil (2024); Amprazis and Papadopoulou
(2024); Baena-Morales et al. (2023); Bara et al. (2024);
Copeland Solas and Wilson (2015); Day et al. (2013);
Fadzil and Saat (2020); Jackson et al. (2023); School education (14)
Mirosavljevi¢ et al. (2024); Mufioz-Galvéan and Padilla
(2024); O'Neill et al. (2024); Quinn et al. (2015); Safitri
et al. (2017); Thomas et al. (2022)
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Table 6. Cont.

. . Count Cluster Number and
Clustered Studies Item Topics (n) ) Top-Level Topics
Hawa et al. (2021); Wright et al. (2008) Outlier (2)
Goi (2024); Galante et al. (2024); Tejedor and Segalas Inter- and 1 #3 Holistic view of
(2018); Warburton (2003) transdisciplinarity (4) sustainability education
Cabral and Kaivola (2005); Salovaara et al. (2021); Transformative
Sterling (2004, 2010); Upton (2021); Wamsler (2020) education (6)
Medir et al. (2016) Outlier (1)
EI Kharki et al. (2021); Karimov et al. (2024); #4 Learnine and
Kirkpatrick et al. (2019); Nersesian et al. (2021); ICT (virtual, digital, Ry teachine me t%lo ds in
Rodriguez-Loinaz et al. (2022); Thinh et al. (2024); ICT) (7) biolo 5 education
Zhong and Liu (2022) 8y

Araripe and Zuin Zeidler (2024); Carri6é Llach and
Llerena Bastida (2023); Hardyanto et al. (2024); Leite

et al. (2016); Nkaizirwa et al. (2023); PBL (6)
Sundberg et al. (2019)
Kennedy et al. (2015); Linder and Huang (2022); ; .
Veena Soni (2020) Problem-solving (3)
Mitra et al. (2016); Wolff et al. (2018) PjBL (2)
Rodriguez-Rey et al. (2024); Zoller (2015) Irllg;l;g;zaée)d

Adeika et al. (2024); Douglas et al. (2024);
Gutiérrez-Garcia et al. (2024); Hogan and O’Flaherty  Field work, field trip,

(2021); Kulshreshtha et al. (2022); Lebo and Eames and experiential
(2015); Struminger et al. (2021); Wright et al. (2009); learning (9)
Zimmerman and Weible (2017)
Gatti et al. (2019) Game education (1)
Muslu and Isik (2024) Role-playing(1)
Howell (2021) Flipped classroom (1)

Bacon et al. (2011); Brandt et al. (2021); Church and

Skelton (2013); Chuvieco et al. (2022); Fisher and
McAdams (2015); Fox et al. (2009); Gaard et al. (2017); Teacher education in

Garibay et al. (2020); Gulikers and Oonk (2019); sustainabilit

Kessler (2018); Le et al. (2022); Martens et al. (2010); sustainabili ty’ 25

McSorley et al. (2023); Mintz and Tal (2013); curricula (1 %
Papageorgiou et al. (2024); Rehman et al. (2023);
Sherry (2022); Vandaele and Stalhammar (2022);
Wiek et al. (2011)

#5 Sustainability
competencies and skills

Wang et al. (2019); Zilberman et al. (2018) Sustamalz;l)lty policy
Alordiah (2023); Du Toit (2024); Fayomi et al. (2019) ~ es€arch and teaching
gaps (3)
Paulauskaite-Taraseviciene et al. (2022) Outlier (1)

In the dataset, there can be overlaps between the topics. However, the software
automatically assigns each paper only to a single cluster at most. Two such overlaps
were manually identified, and the relevant studies were also manually assigned to the
appropriate additional cluster or item topic. There are a total of 167 clustered studies in
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Table 6, but the number of clustered references in the reference list in Appendix A is 165
because Hamman (2018) is included both in the scientific knowledge as well as in the
content knowledge and teaching biology items within the biology education cluster (#0),
and Faizah et al. (2024) is included both in the sustainability, sustainable education (SE),
and sustainable education goals (SDGs) cluster (#1) as well as in the teacher education and
school education cluster (#2). The clustered studies, item topics, count of items in each
topic, and the cluster’s top-level topics and cluster number are presented in Table 6.

The first cluster (#0) is named ‘biology education” and includes the items ‘scientific
knowledge” and ‘content knowledge and teaching biology’. The studies in the former item
include subdisciplines of biology. In the latter items, the studies examine the teacher’s
subject content knowledge (SCK) and pedagogical content knowledge (PCK). The items in
‘outlier” are Arita’s (2017), Livotov et al.’s (2021), Pessoa et al.’s (2024), and Santhosh et al.’s
(2025) studies. They are excluded from the following content analysis because the first
three focus on topics outside biology education, and the last one was published outside the
time range of this study.

The second cluster (#1) is named ‘sustainability, sustainable education (SE), and
sustainable education goals (SDGs)’. The items include studies that examine, e.g., how
sustainability and sustainable development goals (SDGs) are related in science education,
including biology education. The item ‘outlier’ is the study of Stevens et al. (2022), which
describes teaching and learning of life’s principles in Biomimicry Design Thinking Courses.
Because the study does not refer to teacher education or school education, it has been
excluded from the following content analysis.

The third cluster (#2) is named ‘teacher education and school education” and includes
studies concerning ideas of sustainability and environmental sustainability in relation to
prospective learning. The items in ‘outlier” are the studies of Hawa et al. (2021) and Wright
et al. (2008). Because these studies do not refer to teacher education or school education in
biology, they have been excluded from the following content analysis.

The fourth cluster (#3) is named ‘holistic view of sustainability education” and includes
the items “inter- and transdisciplinarity’ and ‘transformative education’. The item ‘outlier’
is the study of Medir et al. (2016), which examines non-formal environmental education
evaluation. Because the study does not refer to teacher education or school education in
biology, it has been excluded from the following content analysis.

The fifth cluster (#4) is named ‘learning and teaching methods in biology education’
and includes studies concerning information and communication technology (ICT), problem-
based learning (PBL), field work and experiential learning, problem-solving, project-based
learning (PjBL), inquiry-based learning, game education, role-playing, and flipped classroom.

The sixth cluster (#5) is named ‘sustainability competencies and skills” and includes
studies concerning teacher education in sustainability, sustainability curricula, sustainabil-
ity policy, and research and teaching gaps. The item ‘outlier’ is the study of Paulauskaite-
Taraseviciene et al. (2022) about engineering education. Because it does not refer to biology
education, it has been excluded from the following content analysis.

4.2.2. Content Analysis

The bibliometric technique predominantly offers quantitative insights and does not
facilitate a comprehensive examination of the specific content or context of individual
studies. Therefore, to gain a more detailed understanding of the implementation of SE
across different educational views on biology education focused on sustainable develop-
ment, qualitative systematic reviews were carried out from the clustered material (1 = 165).
Based on manual checking, 34 studies were rejected because one was published outside
the time range of this study, and the rest were not focused on biology teacher education or
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school teaching in biology (see Appendix A). This process resulted in a refined selection of

131 studies directly related to teaching and learning in science education and particularly

in biology education. The studies examined biology teaching at different educational levels

in 43 countries (Table 7). The largest number of studies concerned university teaching

(n =106) and the smallest number primary level teaching (n = 18). From all university

studies, the majority concerned biology teaching in USA (n = 33). The remaining studies

were fairly evenly distributed across the world.

Table 7. The countries and educational levels of the studies.

Countries

Studies in Educational Levels (1)

Primary Secondary University

Albania
Australia
Austria
Brasilia
Canada
China
Greece
Croatia
Cyprus
Denmark
Dubai
Finland
Germany
Greece
Indonesia
India
Ireland
Israel

Italy
Malaysia
Mexico
The Netherlands
New Zealand
Nigeria
Norway
Oman
Pakistan
Portugal
Rwanda
Saudi Arabia
Slovenia
Spain
Sweden
Switzerland
Taiwan
Thailand
Turkey

UK
Ukraine
Uruguay
USA
Uzbekistan
Vietnam
Total (n)

1
1 2

—= NN = O

N
(@)
R, OORPNORONRR

= NRRE NP =N

N
_ NN Ul )
O L 2 e S e e e G Y

—_
Q1
NN -

—_

18 52 106

https:/ /doi.org/10.3390/educscil6020201


https://doi.org/10.3390/educsci16020201

Educ. Sci. 2026, 16, 201

25 of 75

The studies were analyzed following the method of content analysis (Elo & Kyngis,
2008). Content analysis is a well-established research technique that systematically focuses
on the content of studies. The approach involves an examination of the objectives, key
findings, and implications of each study, keeping the research questions in mind, to identify
recurring themes related to SE in biology education. The themes are summarized and
organized in a tabular format.

In this study, the retrieved data were analyzed qualitatively to map pedagogical in-
novations and conceptual linkages among the core sustainability elements. A deductive
content analysis (Elo & Kyngds, 2008) was used as the only analysis method to determine
SDGs, learning objectives, and subject matter content knowledge (SCK) in biology educa-
tion. It was also used in the first analysis phase to determine teaching and learning methods
and competencies and skills. In the second analysis phase, the inductive content analysis
method (Elo & Kyngds, 2008) was used to determineteaching and learning methods and
competencies and skills. Inductive content analysis was used as the only method to deter-
mine the subject aims, pedagogical content knowledge (PCK), and assessment methods. In
the deductive analyses, the used criteria are described in the Findings section.

The generalizability of the findings relates to the selection of the analyzed data. Re-
searcher triangulation was a part of the analysis process. To ensure that the categorization
decisions were based on comprehensive understanding of the studies, one researcher care-
fully read all the articles thrice, and another researcher also familiarized himself with the
entire material. Thereafter, in order to ensure the reliability of the process, the researchers
checked the selections together. As such, decisions always include elements of subjective
interpretation. Thus, joint discussions between the researchers concerning the studies are
essential. Therefore, the valid findings and the conflicting views of the analysts were ad-
dressed. The discussion continued until clear arguments were found and a consensus was
reached on points to be deleted or added. Based on the discussions, the researchers made
the selections together. This ensured that decisions were not based on the first impression
of one person’s studies but on reasoned joint discussions. Thus, the analysis is based on
what the authors of the articles have explicitly written and not on what the authors of
this study could read between the lines as the researchers’ intentions. Because inter-rater
reliability is the degree of agreement among independent observers who rate, code, or
assess the same phenomenon (Saal et al., 1980), there was no need to calculate inter-rater
reliability in this study due to the dialogical nature of the analysis.

The study is conducted respecting the general ethical principles presented in Finnish
National Board on Research Integrity TENK guidelines. TENK (2019, p. 22) states that
no ethical review statement from a human sciences ethics committee is needed when the
research is based only on public information, archive data, or registry and documentary data
without the data security risks associated with data that is combined from several resources.

5. Findings

Teaching aims and learning objectives guide and influence all kinds of teaching and
learning in the cognitive, affective, and psychomotor domains (cf. Bloom et al., 1956).
Traditional biology teaching is deductive and involves the principles and methods used
by teachers. In this teacher-centered learning approach, teachers are the authorities and
students are the recipients of information-giving lectures or presentations. Learning is often
measured using objectively scored tests and assessments. Alternative teaching methods
are inductive. According to Prince and Felder (2006), inductive teaching and learning is an
umbrella term that encompasses a range of instructional methods, including, e.g., inquiry
learning, problem-based learning, project-based learning, case-based teaching, discovery
learning, and just-in-time teaching. In this student-centered learning approach, teachers
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and students play equally active roles in the learning process. During their studies, students
discuss issues together (cooperative and collaborative learning) and solve problems (active
learning) inside or outside the classroom. Learning is continuously measured using both
formal and informal forms of assessment, including, e.g., group projects, student portfolios,
and class participation (Prince & Felder, 2006).

5.1. Sustainable Development Goals (RQ 1)

To determine the SDGs included in biology education, the mentions in the reviewed
studies are collected and classified using a deductive content analysis (Elo & Kyngis, 2008)
based on the UNESCO’s (2017a) definitions.

In total, there are 133 mentions of SDGs. The most mentioned dimensions of SDGs are
social and environmental dimensions (n = 58 and 52, respectively) (Figure 6). Relatively little
reflection concerns the economic and institutional dimensions (n = 12 and 11, respectively).
Out of the single SDGs, quality education (SDG 4) is the one mentioned most often (1 = 16).
By contrast, decent work and economic growth (SDG 8) and industry, innovation, and
infrastructure (SDG 9) are reflected only rarely (n = 4 and 3, respectively).

<
]
(@)
n

soc 13 NG
soG 14
soc 15 NG
soG 1 [INENEG
soc 2 I
Shlckl
soc 5 [N

soc 10 1S
spcs N

spco I

soG 11 |

soG 16 |

soG 17 |G

Environmental Social Economic Institutional

SDGs and their dimensions

Figure 6. The sustainable development goals (SDGs) and their dimensions included in biology
education promoting sustainable development based on deductive content analysis (Elo & Kyngds,
2008) according to UNESCO (2017b). The total number of the reviewed studies is 131.

The findings suggest that quality education (SDG4) and the integration of SDG knowl-
edge are important in biology education. Many of the SDGs are directly related to biological
subject content (e.g., ecology, evolution, and biodiversity) (cf. Dempster, 2023) and to
science education regarding Visions II and III. By integrating sustainable development di-
mensions into biology teaching and learning, educators can promote, for example, students’
understanding of the structure, function, evolution, and biodiversity of ecological systems.

5.2. Competencies and Skills Promoting Sustainable Development in Biology Education (RQ 2)

To determine the competencies and skills promoting sustainable development in
biology education, the mentions in the reviewed studies are collected and classified first
using a deductive content analysis (Elo & Kyngés, 2008) based on Wiek and Redman (2022)
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and Sposab and Rieckmann (2024), and thereafter using an inductive content analysis
(Elo & Kynggds, 2008).

The most mentioned competencies and skills are critical thinking and reflection (n = 30
and 28, respectively) (Figure 7). These are followed by problem-solving and values-thinking
(n = 26 and 24, respectively). Also, communication, collaborative decision-making, and
interdisciplinary work are mentioned frequently (n = 20, 20, and 18, respectively). Strategic
thinking and empathy are the least mentioned (n = 6 and 9, respectively).

Empathy

Evaluating skills

Reflection

Interdisciplinary work
Collaborative decision making

———————
| —————
S |
e ——
[} e — |
= Cooperation ————
2 Communication |
g Problem-solving |
'S Planning and implementation | ——
b Values-thinking |
£ Futures- (foresighted) thinking EE———————
3 Strategic-thinking  IEE—
Creative thinking I
Systems-thinking
Critical thinking | —
0 5 10 15 20 25 30 35
Number of the findings

Figure 7. Competencies and skills in biology education promoting sustainable development based
on deductive content analysis (Elo & Kyngés, 2008) according to Sposab and Rieckmann (2024),
UNESCO (2017a), and Wiek and Redman (2022). The total number of the reviewed studies is 131.

In addition to the competencies and skills mentioned in Figure 7, using an inductive
content analysis, two mentions of integrated problem-solving competency are found in the
analyzed studies.

The findings suggest that critical thinking, reflection, problem-solving, and values-
thinking are important competencies and skills for promoting sustainable development. For
example, critical thinking for action in biology teaching involves, among other things, en-
gaging students in decision-making and developing appropriate behavior in controversial
issues (Puig & Jiménez-Aleixandre, 2022), while values-thinking promotes a commitment
to equality and justice (Persano Adorno et al., 2025). By emphasizing these competencies,
educators can awaken a sense of agency and responsibility in their students and empower
them to promote meaningful change.

5.3. Subject Aims and Learning Objectives Promoting Sustainable Development in Biology
Education (RQ 3)

5.3.1. Subject Aims

To determine the subject aims in biology education promoting sustainable develop-
ment, the mentions in the reviewed studies are collected and classified using an inductive
content analysis (Elo & Kyngds, 2008).

In total, there are 251 mentions of subject aims. The most frequently mentioned ones
are the development of students’ conceptual knowledge and factual knowledge (n = 52 and
51, respectively) (Figure 8). The subject aims related to the development of scientific skills,
environmental awareness, emotions and attitudes, and the ability to apply knowledge in
different situations also have many mentions, but clearly fewer than the first two. The least
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frequently mentioned subject aim is the development of students” attitudes towards science
and science learning (n = 21).

Environmental awareness, emotions and attitudes
Ability to apply knowledge in different situations
Conceptual knowledge

Factual knowledge

Subject aims

Scientific skills

Attitudes towards science and learning science

o

10 20 30 40 50 60
Number of the findings

Figure 8. Subject aims in biology education promoting sustainable development based on inductive
content analysis (Elo & Kyngés, 2008). The total number of the reviewed studies is 131.

The findings suggest that the development of factual and conceptual knowledge
is at the core of the subject aims, as also stated in the study by Erduran and Dagher
(2014). Educators should place more emphasis on scientific skills (Dogan & Kunt, 2017),
environmental awareness and emotions (Ballard et al., 2024; Gazoulis et al., 2022), and
attitudes (Kahveci, 2023), as well as on the ability to apply acquired knowledge in real-life
situations, to increase students’ understanding of living systems and the relationships
between humans and nature.

5.3.2. Learning Objectives

To determine learning objectives promoting sustainable development in biology edu-
cation, the mentions in the reviewed studies are collected and classified using a deductive
content analysis (Elo & Kyngis, 2008) based on the taxonomy of learning objectives (Bloom
et al., 1956; Krathwohl, 2002).

Bloom et al. (1956) identified three domains of learning objectives: cognitive (intel-
lectual), affective (emotional), and psychomotor (behavioral). Cognitive learning involves
the acquisition of factual knowledge and the development of intellectual skills, abilities,
and thought processes (thinking skills). Affective learning involves the ways in which peo-
ple emotionally process information and stimuli. Emotional learning and development
are essential to the construction of the learner’s feelings, values, and motives, and are at
the foundation of one’s receptivity to information. Finally, psychomotor learning involves
behavior and activity connected with one’s perceptual responses to inputs, to the activity
of imitation (modeling and vicarious learning), and to the manipulation of one’s environ-
ment (instrumental learning). Krathwohl revised Bloom'’s taxonomy in 2002. The revised
taxonomy is a hierarchy in the sense that the six major categories of the cognitive process
dimension are believed to differ in their complexity, with the remember category being less
complex than the understand category, which is less complex than the apply category, and
so on (Table 8).

In total, there are 608 mentions of the learning objectives in the studies reviewed. The
most frequently mentioned learning objectives are related to cognitive learning (n = 509)
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(Figure 9). By contrast, there is weak coverage of psychomotor and affective learning
(n = 67 and 32, respectively). From the single learning subdimensions, factual knowledge
(facts) is mentioned the most often (1 = 103). Remember and understand are also often
stated (n = 91 and 70, respectively). Instrumental learning and vicarious learning (1 = 33
and 34, respectively) are rare, and create is very rarely mentioned (n = 25).

Table 8. The cognitive process dimensions of the revised taxonomy (Krathwohl, 2002).

Criteria Cognitive Process Dimensions
Retrieving relevant knowledge from
Remember
long-term memory
D ine th e of i onal
Determining the meaning of instructional messages, ., . . o
including oral, written, and graphic communication
Carrying out or using a procedure in a
Apply

given situation

Breaking material into its constituent parts and
detecting how the parts relate to one another and to  Analyse
an overall structure or purpose

Making judgments based on criteria and standards  Evaluate

Putting elements together to form a novel, coherent

whole or make an original product Create

Psychomotor learning and learning dimensions
- instrumental learning

- vicarious leaming

Affective learning and learning dimensions
- emotional learning and development
Cognitive learmning and learmning dimensions
- create

-evaluate

- synthesise

-analyse

-apply

- understand

-remember

Factual learning and learning dimensions
-facts

Learning objectives and dimensions

o

20 40 60 80
Number of the findings

8

120

Figure 9. Learning objectives and dimensions in biology education promoting sustainable develop-
ment collected and classified based on deductive content analysis (Elo & Kyngés, 2008) according to
Bloom et al. (1956) and Krathwohl (2002). The total number of the reviewed studies is 131.

The findings suggest that, in addition to factual and cognitive learning objectives,
affective and psychomotor learning objectives are considered to be important in biology
education. By integrating these learning objectives in biology education, educators can
support students to take responsibility for their decisions and actions, and to be aware of
their impact on sustainable development.

5.4. Content Knowledge Promoting Sustainable Development in Biology Education (RQ 4)

To determine the levels of subject matter content knowledge (SCK) promoting sustainable
development, the mentions in the reviewed studies are collected and classified using a de-
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ductive content analysis (Elo & Kyngis, 2008) based on Bloom’s new taxonomy (Krathwohl,
2002) according to Aksela et al. (2012) (Table 9). In this analysis, the next knowledge level
always includes the previous one/the previous ones; e.g., concept knowledge includes fact

knowledge, and method knowledge includes both fact and concept knowledge, etc.

Table 9. The new taxonomy of Bloom (Krathwohl, 2002) according to Aksela et al. (2012).

Criteria

Knowledge Level

Terminology of biology

Classification of biological knowledge; theories, models, structures

Problem solving, research methods and techniques
Making summaries, self-knowledge

Factual (fact) knowledge
Conceptual (concept) knowledge

Methodological (procedural) knowledge

Metacognitive knowledge

In addition, the levels of thinking skills achieved during the learning processes are

analyzed using the verbs defined by Stanny (2016) (Table 10). These verbs are applied as

background information to support interpretation if the taxonomy level is not clearly stated

in the study or is not represented in verb form.

Table 10. Bloom'’s taxonomy verbs used to support the analysis (Stanny, 2016).

Knowledge Understand Apply Analyze Evaluate Create
Arrange Articulate Act Analyze Appraise Arrange
Choose Associate Adapt Appraise Argue Assemble
Cite Characterizise Apply Break Arrange Categorize
Copy Cite Back/back up Break down Assess Choose
Define Clarify Calculate Calculate Attach Collect
Describe Classify Change Categorize Choose Combine
Draw Compare Choose Classify Compare Compile
Duplicate Contrast Classify Compare Conclude Compose
Identify Convert Complete Conclude Contrast Construct
Indicate Defend Compute Contrast Core Create
Label Demonstrate Construct Correlate Counsel Design
List Describe Demonstrate Criticize Create Develop
Locate Differentiate Develop Debate Criticize Devise
Match Discuss Discover Deduce Critique Estimate
Memorize Distinguish Dramatize Detect Decide Evaluate
Name Estimate Employ Diagnose Defend Explain
Order Explain Experiment Diagram Describe Facilitate
Outline Express Explain Differentiate Design Formulate
Quote Extend Generalize Discover Determine Generalize
Read Extrapolate Identify Disseminate Discriminate Generate
Recall Generalize Mlustrate Dissect Estimate Hypothesize
Recite Give Implement Distinguish Evaluate Inprove
Recognize Give examples Interpret Devide Explain Integrate
Record Identify Interview Evaluate Grade Invent
Relate Mustrate Manipulate Examine Invent Make
Repeat Indicate Modify Experiment Judge Manage
Reproduce Infer Operate Figure Manage Modify
Review Interpolate Organize Group Mediate Organize
Select Interpret Paint Identify Prepare Originate
State Locate Practice Iustrate Probe Plan
Tabulate Match Predict Infer Rate Predict
Tell Observe Prepare Inspect Rearrange Prepare
Underline Organize Produce Inventory Reconcile Produce
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In total, there are 316 mentions of the levels of SCK. Factual and conceptual knowl-
edge (n = 107 and 103, respectively) are the most frequently mentioned levels (Figure 10).
Methodological knowledge and metacognitive knowledge (1 = 61 and 45, respectively) are
reflected less often.

Metacognitive knowledge

Methodological (procedural) knowledge

Conceptual (concept) knowledge

Levels of the subject matter knowledge

Factual (fact) knowledge

o

20 40 60 80
Number of the findings

8

120

Figure 10. Levels of the subject matter knowledge (SCK) in biology education promoting sustainable
development based on deductive content analysis (Elo & Kyngas, 2008) according to Aksela et al.
(2012). The total number of the reviewed studies is 131.

Powerful knowledge and pedagogical content knowledge (PCK) included in biology educa-
tion promoting sustainable development mentioned in the reviewed studies are collected
and classified using an inductive content analysis (Elo & Kyngas, 2008). The former is
explicitly mentioned three times and the latter ten times.

The findings show that biology education currently emphasizes acquiring factual
and conceptual knowledge more than other knowledge types. To support students in
developing a more holistic perspective, educators could use methods where students can
examine their own or others’ thinking, knowledge, or actions, for example, regarding food
production, climate change, biodiversity, or ecosystem services (Jensen, 2025).

5.5. Teaching and Learning Methods Promoting Sustainable Development in Biology Education
(RQ5)

To determine the teaching and learning methods promoting sustainable development
in biology education, the mentions in the reviewed studies are collected and classified first
using a deductive content analysis (Elo & Kyngas, 2008) based on Ghafar (2023), Kesler
(2020), Landey et al. (2020), Sodervik (2024), and Yli-Panula et al. (2018), and thereafter
using an inductive content analysis (Elo & Kyngés, 2008).

In total, there are 446 mentions about teaching and learning methods in the analyzed
studies. The findings of the deductive content analysis are shown in Figure 11a, and the
findings of the inductive content analysis in Figure 11b.

Based on the findings, the most popular teaching and learning methods are interactive
methods (n = 285), followed by student-centered methods (n = 117), and then teacher-
centered methods (n = 44). Out of single teaching and learning methods, discussion
(n = 33), problem-solving learning (n = 32), and cooperative and collaborative learning
(n = 32) are the most mentioned ones. These are followed by problem-based learning
(n = 26), inquiry-based learning (n = 23), and project-based learning (1 = 22). Lecture-based
methods, experiential learning, and place-based and community-based education are also
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mentioned often (n = 20, 19, and 17, respectively). ICT with different applications (virtual
learning, simulations, and animations) is mentioned quite often, with the exception of
artificial intelligence (Al). Al is one of the least mentioned teaching and learning methods
(n = 1). Others are brainstorming, participatory action research, life-cycle analyses (all
n = 2), fore- and backcasting methods, and whole-school approach (both n = 1).
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Figure 11. (a). Teaching and learning methods in biology education promoting sustainable develop-
ment based on deductive content analysis (Elo & Kyngas, 2008) according to Ghafar (2023), Kesler
(2020), Landey et al. (2020), Sodervik (2024), and Yli-Panula et al. (2018). The total number of
the reviewed studies is 131. (b). Teaching and learning methods in biology education promoting
sustainable development based on inductive content analysis (Elo & Kyngés, 2008). The total number
of the reviewed studies is 131.
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Based on the findings, the most popular teaching and learning methods are research-
based and promote student participation and agency. When they are used, a transformative
pedagogical perspective is also realized (E. Jeronen et al., 2022). In addition, argumentative
work methods that emphasize emotional skills and value and attitude education are
suitable for sustainability education (Yli-Panula et al., 2018). For example, the use of
argumentation exercises required for ethical reasoning regarding ecosystem services can
promote new perspectives on the well-being of nature and people. To help students develop
an integrative approach to biological phenomena, educators should use student-activating
and teaching approaches contextualized to real-life situations to arouse students’ desire to
explore their own and others’ thinking, information, knowledge, and actions.

5.6. Assessment Methods and Types of Measurement Tasks Promoting Sustainable Development in
Biology Education (RQ 6)

Assessment supports the work of teachers and students and serves as a tool for the
development of teaching and learning. Timely and effective feedback allows educators to
adapt their teaching to the learning needs of the students, which can improve students’
motivation and learning outcomes (Merchant et al., 2014).

To determine different assessment methods and types of measurement tasks promoting
sustainable development included in biology education, the mentions in the reviewed stud-
ies are collected and classified using an inductive content analysis (Elo & Kyngds, 2008).

Based on the findings, assessment methods of sustainable development in biology
education are not studied very often. In total, there are 49 mentions concerning assessment
methods. Summative and formative methods are used quite often, but diagnostic methods
only very rarely (n = 25, 21, and 7, respectively). In summative assessment, tests and
exams are often mentioned. Also, the assessments of different kinds of student products are
popular (self-tests, essays, project reports, portfolios, and practical works). In addition, peer-
based grading and retrospective discussion are used. In formative assessment, in addition
to the teacher’s continuous feedback, peer review and the student’s self-assessment are used.
In diagnostic assessment, tests and self-reports are the only mentioned assessment types.

The findings show that relatively little attention is currently paid to assessment in
biology education. Moreover, there is an overemphasis on summative and formative
methods relative to diagnostic methods. Thus, the previous knowledge of students is
currently not accounted for when selecting the content knowledge for teaching and learning.
Using various assessment methods, educators could develop their teaching processes and
the curriculum (Lyon, 2013).

6. Discussion

The integration of sustainable development into biology education is a growing area
of interest. A holistic view of the educational processes is needed for understanding all the
educational effects. This study explores recent research findings on didactic approaches
of biology education from a sustainable development perspective in teacher education
and primary and secondary school education. For a systematic review, documents were
identified using bibliometric analysis and deductive and inductive content analyses. The
study offers insights to improve pedagogical and didactic approaches in biology education
for promoting sustainable development.

As for the trustworthiness of the study (Elo et al., 2014), the design and implementation
of the study were negotiated among the researchers throughout the research process.
Searches of data were carried out with numerous keyword combinations. The study
procedures were carefully documented to review and verify data throughout the study.
The analysis of the data was carried out by using inductive and deductive analyses. The
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findings were validated through joint discussions of the researchers. The results were also
compared with previous studies.

However, all teaching and learning situations are context- and topic-specific, and
therefore, when selecting and applying teaching approaches, cultural as well as current
phenomena and issues need to be taken into account.

The findings highlight some challenges to adopting active student-centered pedagog-
ical and didactic approaches in the integration of sustainable education (SE) in biology
education. They should be discussed from the perspective of the development of biology
education promoting sustainable development to support the shift towards sustainable
living and well-being.

6.1. Sustainable Development Goals

With the in-depth promotion of the United Nations Sustainable Development Goals
(SDGs), biology education plays a crucial role in the global education system for fostering
students with environmental awareness, ecological ethics, and social responsibility. In
total, there are 133 mentions of SDGs across the 131 studies reviewed. As in Yli-Panula
et al.’s (2020a) study, the most often expressed dimensions of sustainable development
in this study are the environmental and social ones, while the economic and institutional
dimensions are seldom reflected.

Many of the SDGs are directly related to biological subject content (e.g., ecology,
evolution, and biodiversity) (cf. Dempster, 2023) and to science education regarding Visions
II and III. Overall, this study concludes that biology education must still evolve beyond
content mastery to integrate ethical, technological, and transdisciplinary dimensions—
empowering learners not only to understand life but to sustain it, aligned with quality
education (SDG 4), good health and well-being (SDG 3), and life on land (SDG 15).

Out of the single SDGs, quality education (SDG 4) is the most reflected. SDG 4 has
also generated much debate around the world today (e.g., Efe & Umdu Topsakal, 2025;
Villarosa, 2025; Olcer-Cevik & Kozaner, 2025). The reason is that the UN General Assembly
Resolution 74/233 (UN, 2019) reinforced education for sustainable development (ESD) as an
essential part of Sustainable Development Goal 4 on education and a key enabler of all the
other sustainable development goals by calling on countries to strengthen implementation.
SDG 4 is crucial as it provides the foundation for all the other sustainable development goals
for training professionals with a global perspective and social and economic responsibility
(Espinosa-Gutirrez et al., 2025).

The other SDGs are clearly less reflected than SDG 4. This finding is in line with the
research of Yli-Panula et al. (2020a, 2020b). It indicates that ethical, technological, and
interdisciplinary dimensions should be integrated into biology teaching more broadly,
especially in terms of good health and well-being (SDG 3) and life on land (SDG 15). This
would help to develop students’ ability to understand and sustain life.

Aligning biology education with SDGs may provide a structured framework for
addressing global challenges, such as climate change, biodiversity loss, and inequality.
This integration may support students’ understanding of the broader implications of their
studies and their own role in achieving these goals. They emphasize the dimensions that
should be accounted for in order to genuinely overcome the problems that affect humanity
and the environment over the years. The SDGs address the global ecological crisis for
preserving the environment and promoting social development, as well as how to educate
a new generation of biology professionals with a global perspective and a strong sense of
social and economic responsibility.
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By integrating sustainable development dimensions into biology teaching and learning,
educators can promote, for example, students” understanding of the structure, function,
evolution, and biodiversity of ecological, social, and economic systems.

However, many scholars have criticized SDGs. They have stated that SDG 4 prepares
students to preserve the status quo. Instead, the goal should be to empower students to
challenge both their personal and socially established norms, values, ethical, and political
views. Students also require knowledge about options for action in order to be prepared
to act. Action knowledge should enable effective choices when weighing the potential
consequences of different possible actions. Students require the ability to imagine possible
future situations in which a particular course of action is taken or not taken. Spaiser et al.
(2016) have pointed out that the SDGs are inconsistent, especially between environmental
sustainability and socio-economic development. They also argue that SDGs are not binding,
and each country is expected to develop its own national or regional plans. Furthermore,
the source(s) and scale of the financial resources and investments required to achieve the
SDGs are unclear (Swain, 2018).

6.2. Competencies and Skills Promoting Sustainable Development

In total, there are 260 mentions of competencies and skills promoting sustainable
development in this study. The most frequently mentioned competencies and skills are
critical thinking and reflection, followed by problem-solving and values-thinking. Also,
communication, collaborative decision-making, and interdisciplinary work are mentioned
quite often. Strategic thinking and empathy are the least mentioned ones. The following
sections discuss the competencies and skills that are commonly mentioned in biology
education, starting with those most frequently mentioned.

As in the study by Caeiro and Simao (2025), the most frequently mentioned compe-
tency in this study is critical thinking. Critical thinking is key for understanding different
scientific issues and perspectives of stakeholders. It involves, among other things, engaging
students in decision-making and developing appropriate behavior regarding controversial
issues (Puig & Jiménez-Aleixandre, 2022). The importance of critical thinking for creating
a better future has been discussed since the early days of sustainable development (cf.
Elkington, 1998/2007; Kumar & Kumar Choudhary, 2025). Through critical thinking, envi-
ronmental issues can be deeply analyzed with an objective and evidence-based approach,
and it becomes possible to make wise decisions in the face of ecological challenges (van de
Wetering et al., 2022).

In the analyzed studies, it has been seen that an important part of biology teaching is
the students’ reflection on their own action and its consequences based on their experiences.
The findings support previous studies, which showed that reflection has a meaningful role
in acquiring the knowledge and skills needed to solve the complex challenges of sustainable
development (Colomer et al., 2020; Whalen & Paez, 2021). According to Zhou et al. (2025),
the acquired knowledge, values, and attitudes have implications for the perception of
sustainability and finding solutions to problems. They also affect cooperation and a sense
of responsibility, as well as the ability to solve complex problems.

Problem-solving and value thinking are also mentioned quite often. The findings support
the idea that these skills are seen as important for achieving the sustainable development
transition (Kesler et al., 2024) because the rapid development of science generates technolo-
gies that increasingly affect people’s lives and raise increasingly complex moral and ethical
questions (Chowdhury, 2016). Practicing creative problem-solving may foster students’ cre-
ative thinking to develop innovations in their own living environments (Fatmawati, 2020).
Value thinking is needed for knowing how to define, compare, apply, reconcile, and discuss
the values, principles, and goals of sustainability, for example, from the perspective of
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justice, equity, and responsibility in various processes, including visioning and evaluation
(Wiek et al., 2016).

The design and implementation of educational processes must take into account the
conditions in which both rational and emotional relationships can be created between the
student and the moral object (Zeidler et al., 2019). Many themes of sustainable development,
such as human rights, animal rights, and natural values, are value-based, and they are
also included in biology education. Values are mentioned separately in Vision I, but they
are also included in Vision II and Vision III. Vision II emphasizes contextual learning and
the application of knowledge and skills in the individual’s own life situations and as a
member of their community, and Vision IIl emphasizes critical thinking skills, reflection,
and value thinking to promote sustainable development (Uitto et al., 2024a). Value thinking
is important, especially for promoting commitment to equality and justice (Persano Adorno
et al., 2025).

Systems thinking, strategic—thinking, and futures-thinking are mentioned rarely in the
studies reviewed. This finding indicates the need to add the development of these thinking
skills into schoolwork. Systems thinking, strategic thinking, and futures-thinking are
important in biology teaching and learning because biology includes the understanding
of concepts and their mutual relationships. For example, the concept photosynthesis is
related to climate change and, through evolutionary mechanisms, to biodiversity and
habitat loss (Palmberg et al., 2017). Biology teaching and learning also include various
local, regional, and global sustainability issues. When students are able to analyze these,
they master systemic thinking (Wiek et al., 2016). Students possess strategic thinking
when they know how to develop and test interventions and transition strategies that
promote sustainable development, taking into account undesired consequences and their
ramifications. They master futures-thinking when they know how to foresee problems of
sustainability, create and form sustainable and desirable visions of the future, and examine
alternative development paths in the light of evidence. In an increasingly complex world,
systems thinking, strategic thinking, and futures-thinking are basic skills for every citizen.
Sustainability cannot be understood without them (cf. Gilissen et al., 2020).

The findings of this study match Yli-Panula et al.’s (2020a, 2020b) in that biology edu-
cation is seen as important in developing students’ sustainability competence. However,
integrated problem-solving is mentioned only twice in the analyzed studies. It should be
emphasized more because it is crucial in transformative teaching and learning for sus-
tainable development (Sjostrom & FEilks, 2018; Valladares, 2021). In a rapidly changing
world, citizens should be able to critically evaluate scientific information and base their
decisions on scientific information both in their private lives and in their professional and
social activities.

Empathy is one of the least mentioned competencies. However, it is important for
understanding one’s own relationship with other people as well as the relationship be-
tween humans and nature. It may also support students” continuous self-development,
responsible action, and active participation in the development and implementation of
sustainable practices, and in preparing for the future.

Cognitive, affective, and functional competencies are all important for promoting sus-
tainability according to international competence frameworks for sustainability education
(UNESCO, 2017a, 2017b; Bianchi et al., 2022).

By emphasizing these competencies, educators can awaken a sense of agency and
responsibility in their students and empower them to promote meaningful change.

Shephard (2022) questions the role of competence concerning SE. He argues that the
definitions of competence that are widely used in SE confuse cognitive and affective goals
related to the ability to do something and the willingness to do the same thing in a way that
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is not useful in teaching and learning environments. According to Shephard, teaching the
ability to act in accordance with sustainable development and teaching the same student
the willingness to behave in a sustainable way are different teaching tasks, which require
different teaching and learning methods, different assessments, and perhaps even different
teachers. Therefore, according to Shephard, the term “competent” should be replaced by
the terms “able” and “willing”. A change in terminology would allow for more effective
communication about sustainability issues than is currently the case.

6.3. Subject Aims and Learning Objectives
6.3.1. Subject Aims

The subset of curricular subject matter that the teacher considers to be the most
important for the students to learn plays a crucial role when teachers plan the subject aims
for their teaching, for a student’s individual learning, and for the whole of the students’
learning process. In total, there are 251 mentions of subject aims in this study.

The most frequently mentioned subject aims in the analyzed studies are to develop
students’ factual and conceptual knowledge. The subject aims regarding the development
of scientific skills, environmental attitudes, environmental awareness, and feelings are
mentioned less frequently than the aims of factual and conceptual knowledge. The attitude
aims regarding natural sciences and learning natural sciences receive very few mentions.

The emphasis of the subject aims on factual and conceptual knowledge aims is im-
portant for recognizing the ecosystem’s crucial meaning for human life and for global
sustainable development. However, this may lead to insufficient implementation of teach-
ing in accordance with the nature of science (NOS) (Erduran & Dagher, 2014), as stated in
the previous studies of teaching practices (Hiltunen et al., 2021) and textbooks (Su et al,,
2025). In order for teaching to be implemented in accordance with the NOS, more attention
should be paid, in addition to factual and conceptual knowledge, to the types of scientific
skills needed to protect the ecological environment.

Scientific skills are important to define in subject aims because education and experi-
ences influence students’ attitudes and values and shape their behavior (Bandura, 1977).
There are two types of scientific skills. General scientific skills concern scientific thinking
and knowledge generation by using scientific processes (Dogan & Kunt, 2017). Scientific
process skills, on the other hand, are skills that facilitate learning in science, provide the
means for research and active learning, develop a person’s sense of responsibility during
learning, and increase the retention of knowledge (Dogan & Kunt, 2017).

Scientific skills are needed to enhance the participation and empowerment of students
(Yli-Panula et al., 2022a). Through scientific skills, students may recognize, e.g., the impor-
tance of biodiversity and climate change and become aware of the different aspects and
socioscientific nature of these phenomena.

Environmental attitudes, environmental awareness, and feelings are rarely mentioned
in the analyzed articles. They are, however, important to consider in subject aims. Person-
alized experiential learning makes learning meaningful and influences students’ attitudes
towards sustainable development (Murti et al., 2025). Attitudes refer to positive or negative
feelings and a desire to learn subject content (Kahveci, 2023). According to Admiraal
et al. (2022), students’ learning outcomes deteriorate if they do not have a positive attitude
during the learning process. Students” attitudes do not affect only their learning outcomes
but also their willingness to act. Education can play an important role in promoting positive
attitudes and knowledge acquisition (Christ et al., 2022). Teaching methods that support
students’ action-oriented knowledge acquisition and self-confidence are an essential part
of developing higher-level functional abilities (Sinakou et al., 2019).
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Environmental awareness is a deep understanding of the relationship between humans
and the environment, as well as recognition of an individual’s responsibility in maintaining
ecosystem balance (Ballard et al., 2024; Gazoulis et al., 2022). It is an educational tool
that helps people to understand the aesthetic, biological, and economic importance of
preserving natural resources and minimizing the negative effects of man-made adaptations
and alterations. Environmental awareness can be promoted by using inter-, trans-, and
multidisciplinary approaches (Akinwumi, 2023). The development of students’ critical
awareness and relationship with nature (Oliveira et al., 2019) can be supported by creating a
pluralistic learning environment, including ethical and political dimensions in discussions
of sustainability issues, and encouraging students to express their values and feelings
(Arntzen et al., 2025). By integrating locally relevant content into biology teaching through,
for example, nature experiences, students’ empathic relationship with nature and ecological
literacy can be fostered, and their environmental responsibility and willingness to protect
the environment can be strengthened (Purwasih et al., 2025).

The development of environmental attitudes, awareness, and emotions is a key aim
from a global competence perspective (OECD, 2018). Global competence refers to the mul-
tidimensional ability to consider local, global, and intercultural issues, to understand and
appreciate different perspectives and worldviews, and to act responsibly and respectfully
with others to promote sustainability and well-being (OECD, 2018). Students’ cognitive,
social, and verbal relationships with ecosystems can be improved by developing their
lexical ecological literacy (Jensen, 2025), i.e., an individual’s conscious sense of place and
awareness of their place in the world. Good lexical ecological literacy may support indi-
viduals to protect ecosystems both in their daily lives and as members of society. Bridging
the gap between knowledge, attitudes, and behavior is essential for achieving sustainable
development (Funa & Emberga Gabay, 2025).

The findings show that the development of factual and conceptual knowledge is
emphasized more than other subject aims, as also stated in the study by Erduran and
Dagher (2014). Educators should place more emphasis on scientific skills (Dogan & Kunt,
2017), environmental awareness and emotions (Ballard et al., 2024; Gazoulis et al., 2022),
and attitudes (Kahveci, 2023), as well as on the ability to apply acquired knowledge in real-
life situations, to increase students” understanding of living systems and the relationships
between humans and nature.

6.3.2. Learning Objectives

Learning objectives provide the goals on which the curriculum is focused, facilitate the
selection and organization of content, and make it possible to evaluate learning outcomes.
In total, there are 608 mentions of learning objectives in this study. Cognitive learning
is well represented in the analyzed studies, whereas psychomotor and affective learning
are not.

The lowest-level subdomain, factual and conceptual learning, is often mentioned, and
the subdomains tend to be remembered and understood. By contrast, the highest-level
subdomain, create, is very rarely mentioned. The findings are in line with previous studies,
which state that traditional biology education remains predominantly compartmentalized,
focusing on isolated scientific concepts rather than broader integrative applications of
knowledge (Yticel & Caliskan, 2025).

In addition to factual and conceptual learning, psychomotor and affective learning
are important to take into account in biology education. Novak’s (2010) theory of con-
structivism suggests that meaningful learning should involve thinking, feeling, and acting,
implying that good learning activities integrate the three domains of learning. Greater
consideration of the psychomotor and affective domains in parallel to cognitive learning
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could therefore improve learning experiences. Psychomotor learning encompasses hands-
on learning and ranges from reflex movements and physical abilities to the performance of
skilled movements. Affective learning refers to a learner’s emotional state and includes
motivational beliefs, values, and responses, as well as interaction with others (Findley &
Woodruff, 1964). Affective learning with social skills is important to be emphasized for col-
laboration, negotiation, and communication to promote the SDGs, as well as self-reflection
skills, values, attitudes, and motivation for enabling students to develop themselves.

Based on the findings, cognitive learning objectives are overrepresented compared
to psychomotor and affective learning objectives. Furthermore, within cognitive learning
objectives, there is a focus on the acquisition of factual and conceptual knowledge. Sipos
et al. (2008) have stated that learning objectives should be holistic to develop students’
ability to act on issues related to environmental, social, and economic sustainability in
accordance with SDGs. Thus, biology education should foster students” sustainability
mindset and cognitive flexibility as early as possible. This requires instilling the values of
environmental stewardship, environmental awareness, and the importance of sustainable
practices. All three learning objectives (cognitive, psychomotor, and affective learning)
should be clearly defined so that students have an idea of what is expected of them in terms
of sustainability competence.

The dataset analyzed in this study contained little research on the impact of subject
aims and learning objectives in biology education. However, subject aims and learning
objectives are not static and can be improved through teacher collaboration. More attention
should be paid to their impact, especially concerning integrative teaching. Many concepts
included in biology education have other meanings beyond their biological ones, which
affects the design of subject aims and learning objectives. For example, sustainable devel-
opment is a political concept that is used when trying to reconcile continuous economic
growth with social and ecological challenges. Ecosystem service, on the other hand, is an
economic concept that aims to appraise the values produced by nature so that they can be
measured (Brondizio et al., 2019). Ecosocial education as an educational concept describes
the educational ideals that SE should include (Salonen & Bardy, 2015).

By fostering students” will to acquire, apply, and evaluate scientific knowledge, en-
vironmental awareness, and affective dimensions in biology education, educators can
support students to take responsibility for their decisions and actions and to be aware of
their impact on sustainable development.

6.4. Knowledge Promoting Sustainable Development

In total, there are 316 mentions of the levels of subject content knowledge (SCK) in this
study. The analyzed studies focus mainly on the lower levels of SCK (factual and concep-
tual knowledge), and the higher level of SCK (metacognitive knowledge) is mentioned
only rarely. The findings are in line with the study of Yli-Panula et al. (2017b), where fun-
damental facts, such as species knowledge, the structure and function of living organisms
and biological phenomena (e.g., photosynthesis), ecological issues (e.g., food chains or food
webs), and understanding of the functions of nature as well as issues in human biology are
seen as the most important issues.

The findings suggest that topics regarding the higher levels of SCK and the integration
of the SDGs into biology teaching are not popular. This may be due to the fact that some
teachers and student teachers have significant gaps in their interest and skills in teaching
science, including biology (Backman et al., 2019; Efe & Umdu Topsakal, 2025; Palmberg
etal., 2015; Yli-Panula et al., 2017a, 2017b). Furthermore, teaching sustainable development
has not been sufficiently supported in teacher education (Albion et al., 2025). In other
words, students understand sustainability concepts and have developed critical thinking

https:/ /doi.org/10.3390/educsci16020201


https://doi.org/10.3390/educsci16020201

Educ. Sci. 2026, 16, 201

40 of 75

skills, but they are unable to practically create solutions due to a lack of guidance and
channels. Teacher education has an important role to play in reversing this trend.

In biology, teaching and learning processes should focus on a holistic approach (Uitto
& Saloranta, 2017). By integrating environmental issues and sustainability concepts from
different subjects and fields in SCK, and by exploring the connections between scientific
knowledge, social action, and ecological consequences, different aspects of the concept of
sustainable development can be revealed. Thus, students may be able to form a holistic
picture of ecosystems and sustainability and develop their interdisciplinary and multi-
disciplinary understanding of ecoliteracy (van de Wetering et al., 2022) to be ready for
participation in action. Understanding local environmental conditions helps individuals to
be more connected to and responsible for preserving nature around them. For example, rec-
ognizing the endangered plant and animal species in a particular area can encourage more
focused conservation efforts. Therefore, local knowledge enriches insights and encourages
concrete actions in maintaining regional biodiversity and ecosystem stability (Szczytko
et al., 2018). In addition, combining SCK with real-life experiences can change students’
attitudes, interests, and motivation towards studying biology (Almasri et al., 2021).

Effective powerful knowledge (systematic and specialized knowledge; Young, 2009) is
mentioned in only three of the studies analyzed. Powerful knowledge needs to be empha-
sized more as biology education provides essential insights into ecosystems, biodiversity,
and the processes that sustain life on Earth. Understanding biological systems is crucial
for developing sustainable practices concerning environmental protection and improve-
ment. Powerful knowledge that combines traditional ecological knowledge with modern
scientific knowledge supports the creation of more comprehensive and culturally relevant
sustainability strategies.

In biology teaching and learning, powerful knowledge is related (Uitto et al., 2024a)
especially to the goals of Visions II and III (Roberts, 2007; Sjostrom & Eilks, 2018). It allows
the student to find reliable explanations for world phenomena, different ways of looking
at the world, and to learn ways of acting that enable participation in social and ethical
debate. For example, in Vision II, biology content areas such as ecology, biodiversity, and
evolution are related to value considerations concerning natural values or human health
and well-being (Aivelo & Uitto, 2021; Sa-Pinto et al., 2022; Tidemand & Nielsen, 2017).
Many topics intersect with ecological, social, and economic sustainability (E. Jeronen et al.,
2024; Uitto & Saloranta, 2017; Yli-Panula et al., 2022a). Ecology is related to, among other
things, land use, the production and consumption of commodities, the loss of nature, and
ways to protect biodiversity. Concerning Vision III, there are connections from biology
topics to social sustainability themes, such as human rights and equality. Many topics
also appeal to attitudes or emotions that should be taken into account in teaching. Such
sensitive topics can include, for example, topics related to the well-being of people and
nature (Ottander & Simon, 2021; Tidemand & Nielsen, 2017). Biology education has
transformative power as students form new views based on their observations and insights
regarding existing concepts and conceptual connections related to their living environment
(Muller & Young, 2019).

Furthermore, based on the findings, pedagogical content knowledge (PCK) has also
received very little attention. PCK should be emphasized more both in the planning and
implementation of teaching and learning situations because it can support students in
the acquisition of knowledge for sustainable action according to Vision III (Rockstrom &
Sukhdev, 2016). When designing learning content, the higher levels of knowledge (metacog-
nitive, evaluative, and reflective) that are important for sustainable development should
be emphasized, taking into account students’ needs so that the students can understand
issues related to sustainable development in the intended way:.
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Biology curricula transform over time via a three-stage process (Gericke et al., 2025).
First, teachers transform curricular knowledge into taught knowledge, thereby creating
their own interpretation. Secondly, students learn a version of it and apply the knowledge
they have learned in their lives outside of school. On the other hand, the students bring their
experiences outside of school back into the classroom, which influences their acquisition of
new knowledge at school. Finally, this influences curriculum design because measurements
of learning outcomes are used as inputs by curriculum designers (Gericke et al., 2018).

To develop curricula and teaching and learning processes, educators should, rather
than providing fragmented factual and conceptual information, use pedagogical content
knowledge (PCK) to help students develop an integrative approach to biological phenom-
ena by exploring their own and others’ thinking, information, knowledge, and actions.

6.5. Teaching and Learning Methods Promoting Sustainable Development

In total, there are 446 mentions of teaching and learning methods in this study. Inter-
active teaching and learning methods are mentioned the most often, followed by student-
centered methods. Teacher-centered methods are mentioned the least often. The most
commonly chosen teaching methods to promote sustainable development in biology ed-
ucation at all educational levels are based on hands-on education. This finding supports
the study of Yli-Panula et al. (2018), but the finding regarding teacher-centered work-
ing methods differs from the studies that indicate widespread reliance on textbooks and
teacher-centered instruction (Hiltunen et al., 2021; Zhang et al., 2025).

In the analyzed studies, 49 different teaching and learning methods are mentioned.
Based on the findings of this study, a wide range of both old and new teaching and
learning methods are used in biology education. The findings suggest that there is a shift in
biology education towards student-centered, collaborative, and experiential teaching and
learning methods. Thus, the study strengthens the results of the previous studies about
the importance of personal experiences and real-life issues in authentic environments for
teaching and learning (Fu et al., 2025; Palmberg et al., 2019; Yli-Panula et al., 2018).

The following sections discuss the teaching and learning methods that are commonly
used in biology education, starting with those mentioned most frequently, namely discus-
sion, problem-solving, and cooperative and collaborative learning.

Discussion includes open collaborative exchanges of ideas between a teacher and stu-
dents, or among students, with the aim of promoting student thinking, learning, problem-
solving, understanding, or appreciation of the subject matter being taught. Students may
discuss in pairs, small groups, or with the entire class and may be led by the teacher or
students. Participants present perspectives, comment, and reflect on their own and others’
ideas in an effort to build their knowledge, understanding, or interpretation of the topic
being discussed, whether it be a written text or a problem, question, or issue. Considering
improving students’ critical thinking and communication skills, discussion is more effective
and result-oriented as a teaching strategy than traditional lecturing (Saira & Hafeez, 2021).
According to Yli-Panula et al. (2018), group discussions concerning the structure of a
problem, the causes of the problem, and the potential responses to solve the problem from
ecological, economical, and societal points of view are appropriate methods for studying
ecological issues.

Matching the results of this study, Olcer-Cevik and Kozaner (2025) have also stated that
problem-solving is a popular teaching method. The findings differ from Fatmawati (2020),
who argues that university-level teaching often lacks the teaching of problem-solving skills
that lead to creative thinking. The reason for this difference in the findings can be that this
study, unlike Fatmawati, concerns all educational levels from primary to higher education.
Problem-solving can be applied at all educational levels. It aims to shift responsibility for
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learning to the students and to actively engage students in learning with the instructor
and other students (Cheng et al., 2019). In school education, problem-solving is often used
in flipped classrooms, in which the majority of instructional delivery occurs outside the
classroom, emphasizing “do-it-yourself” culture, hands-on creation, and design thinking
(Bergmann & Sams, 2012). However, only four of the analyzed studies mentioned flipped
classrooms. Instead, in the studies analyzed, as in the study of Abeysekera and Dawson
(2015), problem-solving was used in active and social learning situations, where students
were coached in advance so that they could fully benefit from classroom learning.

In cooperative learning, students work in small groups and share responsibility to
achieve common goals. In this study, cooperative learning has been mentioned quite often,
showing that it is a popular method. The results of the previous studies on cooperative
learning are mixed. For example, studies by Slavin et al. (2022) show that cooperative
learning has a significant positive effect on student learning levels. On the other hand,
some studies have shown that its effects are varied or even negative. For example, a
meta-analysis by Springer et al. (2022) showed that cooperative learning has no significant
effect on students’ learning levels in higher education. Despite these conflicting results,
cooperative learning is a preferred teaching method for many teachers. It has been widely
used, especially in comprehensive education, as a means to promote student engagement
and collaboration.

Collaborative learning (commonly confusingly referred to as cooperative learning) is also
commonly used in the analyzed studies. This method aims to promote student engagement,
socialization, and learning (Yli-Panula et al., 2018). In collaborative learning, the level of
commitment to achieving the shared goal is higher than in cooperative learning. When
students collaborate, they can learn to listen to each other, to clarify misunderstandings,
to provide help and support to others, and practice information-seeking. They can learn
to discuss and draw conclusions together and build relationships that promote group
cohesion, self-confidence, and trust.

In biology education, students can learn to construct knowledge and to create social
meaning when examining, building, and applying, for example, biological, ecological,
environmental, and conservation-related knowledge (Kontkanen et al., 2016). Collaboration
inside schools and with local communities or organizations allows students to participate,
for example, in species preservation or recycling programs, offering opportunities to
apply theoretical knowledge to practical scenarios. Gaining first-hand experiences and
beginning to see the impact of environmental action on the local ecosystem may deepen the
students” understanding. First-hand experiences can promote their ecological awareness
and environmental responsibility. This way, students may find solutions to reduce the
impact of human activity on the environment for protecting and preserving their living
environment. Participatory teaching methods can support transformative engagement and
the development of active citizenship.

The subsequent most frequently mentioned teaching and learning methods are problem-
based learning (PBL), inquiry-based learning (IBL), and project-based learning (PjBL).

The observation of the popularity of PBL (problem-based learning) supports the studies
of Caeiro and Simao (2025) and Santos et al. (2025). PBL can promote critical and systems
thinking (Chen et al., 2022), collaboration, and problem-solving (Cavadas & Linhares, 2023;
Liu & Pasztor, 2022). It can also develop environmental and self-awareness skills (Wang,
2021). Based on student-centered learning, PBL offers an excellent approach to promoting
cognitive flexibility (Honra & Monterola, 2025). Cognitive flexibility enables students to
collectively critically examine the relationships between concepts, apply interdisciplinary
approaches, and create innovative solutions to complex real-world problems (Wang, 2021).
By combining information from multiple sources, students can find solutions, for example,
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to ecological questions that require synthesizing knowledge from genetics, physiology, and
environmental science. High cognitive flexibility can improve students” competence in
solving modern scientific challenges (Honra & Monterola, 2025). Therefore, prioritizing the
development of cognitive flexibility is essential in biology teaching.

The findings of this study support the study of Hubbard (2024), which shows that
IBL (inquiry-based learning) is a popular teaching method in biology teaching. Integrating
IBL as a teaching approach aims to develop the understanding of scientific ideas and
the nature of science (NOS). IBL can facilitate the understanding and use of scientific
practices in conjunction with learning subject matter ideas and principles, as well as
support the development of thinking skills (Tal et al., 2019). IBL has several benefits for
students, including improved scientific thinking and a sense of dedication to the work
(Hubbard, 2024). Opportunities to participate in authentic scientific inquiry, research, and
experimental science may allow students to see connections between the content being
taught and “real-world” problems, to think critically, and to develop their field, laboratory,
and experimental design skills (Hubbard, 2024).

IBL with ICT applications (virtual learning, simulations, and animations) can offer
new learning experiences when the traditional school laboratory is combined with a virtual
laboratory (Sodervik, 2024). Augmented reality learning environments make possible, for
example, the examination of microscopic things and processes, such as cell structures and
cell division and molecular biology (Bennett & Saunders, 2019; Reen et al., 2022), as well as
places and time dimensions (e.g., anoxic lake bottoms or melting glaciers) (Sodervik, 2024).
Thus, digital literacy—that is, the acquisition of information, as well as the understanding
and investigation of biological concepts and phenomena using digital tools—has also
emerged as a core skill in biology education.

The finding regarding the popularity of PjBL (project-based learning) supports the study
of White et al. (2024). PjBL can promote active students’ engagement and a deeper un-
derstanding of environmental challenges by incorporating hands-on creative activities
into learning situations in real-world contexts (White et al., 2024). It can encourage stu-
dents to identify environmental problems, design creative solutions, and implement them
through collaboration, often with local communities or relevant stakeholders. Through
interdisciplinary (White et al., 2024) and multidisciplinary strategies (Persano Adorno et al.,
2025), the gap between scientific principles and real-world sustainability issues can be
bridged for strengthening the environmental awareness of students. When students’” under-
standing about the interactions between ecosystem components and human environmental
impacts broadens, their sustainability skills may increase (Caeiro & Simao, 2025), and
awareness of the importance of maintaining ecosystem sustainability and balance deepens
(White et al., 2024). In addition, for example, by making their own materials and planting
trees, students can learn practical skills, such as resource management and environmental
restoration techniques.

In the analyzed studies, the methods of explanations, demonstrations, conversations,
experiential learning, place-based and community-based education, and communication
and interdisciplinary work are also mentioned quite often. Other commonly used teaching
and learning methods are also discussed, although they are not mentioned as often as the
methods described above.

Explanations, demonstrations, and conversations are suitable teaching strategies for in-
troducing new concepts, processes, or skills to students. They are useful for providing
clear and visual examples of how something works or how to perform a task. Explanation-
oriented science teaching practice cognitively may activate students to use reasoning skills
(i-e., to formulate scientifically oriented questions, to analyze and interpret data patterns,
and to connect data patterns with theoretical entities to develop the causal chain of events)
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and to develop evidence-based causal explanations of natural phenomena (Nawani et al.,
2019). In demonstrations, the teacher performs the experiment in the class, explaining
verbally what he/she does. The students can observe critically, help the teacher in per-
forming the experiment, and try to draw inferences (Davar, 2025). Conversations play a
major role in students’ learning. They can be conducted either with the whole class, led
by the teacher or a student, or in small groups with the students as the leaders. The flow
and direction of the discussion are influenced by the development of the ideas presented
and their accuracy (Cavagnetto et al., 2022). Thus, conversations can affect the students’
learning outcomes, but the role of the teacher as an observer and as a supervisor is im-
portant. Explanations and conversations can help to clarify complex ideas in a simplified
manner, while demonstrations can help learners to understand the practical application of
theoretical concepts.

The findings of experiential learning are in line with the studies of Palmberg et al.
(2019) and Yli-Panula et al. (2018). Experiential learning can encourage students to learn
through real-life experiences by participating in activities that are designed to promote
critical thinking and reflection (Fu et al., 2025). Interactions with nature and communities
can enrich students’ ecological knowledge, emotional attachment, and pro-environmental
behavior (Zhao et al., 2024). According to Friman et al. (2024), experiential learning not
only affects students” acquisition of knowledge but also produces a significant shift in their
perceptions and attitudes toward sustainability as well as changes in behavior and action,
indicating a broader societal impact. Some studies show that students” ecological awareness
(Ardoin et al., 2018), scientific literacy (Hubbard, 2024), eco-literacy (Kazazoglu, 2025), and
also their digital competencies can improve (Yeon et al., 2025). According to Savage et al.
(2015), an experiential problem-based approach can develop the five key competencies
identified by Wiek et al. (2011): systems thinking, anticipatory, strategic, interpersonal, and
normative thinking. In addition, experiential learning may support personal competence,
which is important in supporting the development of key competencies in sustainability
(Savage et al., 2015).

Place-based education promotes the idea of spatial, embodied, and contextual learning
about natural or human environments (Semken et al., 2017). Place-based learning is a
natural part of learning biology. However, in this study, fieldwork and field trips are not
mentioned very often. The finding differs from previous studies, where these have been
found to be common teaching methods in biology teaching (Boyle et al., 2007; Lavie Alon &
Tal, 2015). The low number of field trips and field work in this study may be due to the
fact that, according to Lynch et al. (2025), although the program is designed to support and
enhance teaching and learning, students often view the program as a social opportunity
rather than an academic one. In addition, teachers and students may not believe that these
work methods directly contribute to students’ subject academic learning.

However, fieldwork and field trips can be seen as good teaching and learning methods.
They appear to have positive effects on students’ attitudes and behaviors toward sustainable
development (Liefldnder et al., 2013). They can also strengthen students’ relationships with
and connections to nature (Braun & Dierkes, 2017; Lankenau, 2018; Lieflander et al., 2013)
and foster students’ environmental awareness (Nazir & Pedretti, 2016).

Community-based learning is mentioned quite often. Its focus can be, for example,
regional ecosystems and issues, having the potential to connect experiential learning and
collaborative research with student interests and affinity for a particular area (Connors
et al., 2021; Hiatt et al., 2021). Students work across institutions on joint scientific activities
that not only may better reflect many of the faculty’s research activities but also enhance
students’” understanding of their contributions to the broader scientific community.
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Communication and interdisciplinary work are mentioned quite often in the analyzed
studies. ElSayary (2024) has also stated that these teaching and learning methods are
popular. According to her study, by combining knowledge, methods, and ways of think-
ing from different disciplines, explanations and sustainable solutions can be found for
environmental, social, and economic problems (ElSayary, 2024). Hybrid classrooms are
ideal for this purpose, but they were not mentioned in the analyzed studies. Hybrid
classrooms are learning environments where communication and interdisciplinary work
are integrated into teaching with the help of technology (Lei & Lei, 2019). Face-to-face
teaching is partially replaced by self-directed online learning (Stromie & Baudier, 2017).
Hybrid teaching includes various interactive learning strategies with different forms of
interaction between students and between students and the teacher (Lei & Lei, 2019). It can
include various teaching and learning methods, such as interactive app-based activities
and small-group discussions (Kegley et al., 2016). Previous studies have shown that hybrid
teaching effectively supports students in achieving learning goals (Tiahrt & Porter, 2016).

Online learning has several advantages, such as allowing students to work at their
own pace and access learning materials at any time. However, hybrid education also
presents challenges for both teachers and students. The challenges for teachers include
time and workload (Kegley et al., 2016) as planning and implementing instruction can take
more time than fully face-to-face instruction. The challenge for students is that they may
think they have the skills needed for intensive digital learning when in reality they find
hybrid learning more challenging than traditional face-to-face instruction (Comer et al.,
2015). Careful overall planning of hybrid education based on learning objectives can help
to overcome some of the challenges encountered (Stromie & Baudier, 2017).

Experimental learning is mentioned quite rarely in this study. The finding is in
line with the study of Yli-Panula et al. (2018). Through experimental learning, students
can conduct scientific experiments aiming to gain new knowledge or to confirm existing
knowledge by researching the influence of different variables (Kolb, 1984). The students
can be engaged in a learning process in which they reflect on their experiences to gain
insights into problems and apply new knowledge to real-life situations. Experimental
learning enhances learning and builds self-confidence and critical thinking. According to
Sumleth and Walpuski (2012), experimental learning can also be carried out online. Jahnke
(2012) states that online experimental learning is a special case of socio-technical learning,
which is the process of research-based and experiential learning that combines individual
and cooperative learning with opportunities to interact with other community members
online or face-to-face. Online experimental learning can take place in remote laboratories
via an online learning platform with internet access.

Educational games, role-playing, and visits are rarely mentioned and only used at the
primary and secondary levels. The findings support the study of Yli-Panula et al. (2018).
However, they may have multiple benefits for all educational levels. For example, edu-
cational games can be used to activate students to participate and interact (C. S. Green
& Bavelier, 2012). Role-playing in science teaching and learning can encourage students
to participate in the lesson, express themselves in a scientific context, and develop their
understanding of biological concepts (Yli-Panula et al., 2018). Through visits to, for exam-
ple, recycling events or waste sorting plants, students can be offered learning experiences
related to ecological sustainability. These kinds of teaching and learning methods may
support students’ learning in cognitive, affective, and psychomotor learning dimensions
(cf. Sipos et al., 2008) for promoting sustainable development.

Approaches with a creative and motivating component, such as art education, eco-
logical design, and indigenous education, may offer good opportunities for strengthening
nature connection through sustainability-oriented learning. Also, other innovative pedagog-

https:/ /doi.org/10.3390/educsci16020201


https://doi.org/10.3390/educsci16020201

Educ. Sci. 2026, 16, 201

46 of 75

ical approaches and methods, such as the whole-school approach and fore- and backcasting
methods, may be useful for supporting students” understanding of complex sustainability
challenges and solutions. Especially, new technologies (Al and the various applications
of extended reality XR: augmented reality, AR; virtual reality, VR; and mixed reality, MR)
may play an increasingly important role in the development of sustainable societies in
the future. They can enable deeper exploration of difficult concepts and topics, offering
a diverse and interactive approach to biology teaching and learning (Sangur et al., 2025;
Sodervik et al., 2021). This in turn enables the discovery of new behaviors and actions that
promote sustainable development. Digital literacy can thus be seen as an important skill
in biology teaching and learning. However, further research is needed, for example, on
whether virtual learning experiences have as strong an impact on learning outcomes as
real hands-on learning experiences as young generations are generally familiar with virtual
experiences, including fictional ones.

Traditional teaching methods, while effective in conveying content, often fail to fully
engage students, foster curiosity, or encourage them to think critically and solve real-world
problems. New methods often have a strong student-centered approach, which is in
line with the constructivist paradigm of Novak (2010). They include varying degrees of
student-centered practices, where students take more responsibility for acquiring knowl-
edge, competencies, and skills than in traditional teaching methods. In biology teaching,
innovation is crucial to making learning more interactive, meaningful, and engaging. In-
novative teaching methods—such as inquiry-based learning, project-based learning, and
technology integration—provide opportunities for students to actively explore biology,
develop problem-solving skills, and connect what they are learning to their own lives.

Educators can help students to develop an integrative approach to biological phenom-
ena, and discover new perspectives and practices promoting sustainable development, by
using diverse teaching and learning methods that activate students and are contextualized
to real-life situations. By using modern approaches, they can make biology lessons more
dynamic and stimulating, encouraging students to see the subject as a living evolving
discipline rather than a collection of static facts.

6.6. Assessment Methods Fostering Sustainability Competencies

In biology education, several methods and strategies can be used to evaluate and
assess students’ sustainability learning. However, based on the findings, the assessment of
students’ learning on sustainability competencies received relatively little attention, with
only 49 mentions in total. The result supports the study of Annelin and Bostrom (2023),
according to which students’ sustainability skills are inadequately assessed.

Based on the findings, summative and formative methods are used more often than
diagnostic methods. From the measurement types, the teacher’s ongoing monitoring
of students’ learning progress, the teacher’s continuous feedback, tests, and exams are
mentioned more often than other ones. Assessment strategies should be developed based
on the learning objectives in relation to students’ needs. Regular evaluations of teaching and
learning help to detect how effective the employed pedagogical and didactic approaches
focused on sustainable development have been. They provide students with information
about their performance in relation to curriculum goals. Self-testing has great potential for
substantially improving learning efficiency.

Continuous assessment requires additional effort and resources, but it can improve
students’ learning outcomes. The effectiveness of formative assessment has not been
well studied yet (Morris et al., 2021), but it may be a useful method for teaching and
learning about sustainable development. Summative assessment can be used to support
students’ thinking and action in line with SDGs. Summative assessment is in line with
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constructivist learning theory (Vygotsky, 1978) by promoting collaborative knowledge
construction through group-based inquiry. It also emphasizes experiential learning (Kolb,
1984), active engagement in problem-solving, reflection, and the application of concepts
in real-world contexts. When assessment is based on the taxonomy of Bloom et al. (1956),
students’ cognitive skills, such as analysis, synthesis, and evaluation of environmental
challenges, can also be examined at the higher levels of thinking skills.

Sustainable development and sustainable education are broad and multidimensional
topics, and assessing their learning is challenging. In addition, for assessing knowledge and
skills according to the criteria defined in the curricula, the key assessment objectives include
thinking, argumentation, and research skills, including the ability to critically evaluate
information (Uitto et al., 2024b). By employing active participation and interactivity, collab-
orative learning environments, and comprehensive evaluation tools, teacher educators and
school teachers can effectively measure and enhance the impact of sustainable education in
biology, ensuring thatstudents” knowledge, skills, and attitudes to address environmental
challenges can be developed.

Assessment supports both the work of teachers and the learning of students. Using
various assessment methods, educators can support not only the development of teaching
and learning processes but also the development of curricula (Lyon, 2013).

6.7. Biology Education in Relation to Transformative Teaching and Learning

In biology, it is crucial to engage students in sustainability development practices
through developing the desire and will to act in a sustainable way (Uitto et al., 2015).
For this, transformative education is needed (Odell et al., 2019). It means that students’
learning moves from adding knowledge to critical reflection on knowledge, and students
should reflect on and work on, for example, their own worldview and preconceptions
(Aboytes & Barth, 2020). Transformative education includes agency, participation, and a
solution-oriented approach. It supports the understanding and application of scientific
knowledge and methods, as well as commitment to actions that strengthen sustainable
development (Sjostrom & Eilks, 2018). Transformative learning (renewing learning) is
thus a process of becoming aware of previously unquestioned assumptions, or frames of
reference, and thus transforming the students to become more open and reflective.

Transformative teaching calls for a transformative action-oriented education that
supports self-directed learning, participation and collaboration, problem orientation, inter-
disciplinarity, and transdisciplinarity (UNESCO, 2017a).

Interdisciplinarity combines knowledge, methods, and ways of thinking from two or
more disciplines to achieve cognitive progress, such as explaining a phenomenon, solving a
problem, or creating a product (ElSayary, 2024). Interdisciplinary teaching is a method or a
set of methods that are used to teach across curricular disciplines, or the bringing together
of separate disciplines around common themes, issues, or problems (Ellis & Stuen, 1998).
Interdisciplinary learning should create knowledge that is more holistic than knowledge
built in discipline-specific studies.

Transdisciplinarity is an adaptive and problem-oriented approach that integrates
knowledge and methods from different scientific disciplines and collaborates with stake-
holders. Transdisciplinary teaching involves a paradigm shift seeking a balance between
knowledge and transdisciplinary skills but arguing for an emphasis on skills, encompassing
social relatedness, research skills, and the enhancement of thinking, communication, and
self-management skills (Holbrook et al., 2020). Transdisciplinary learning is an educational
approach that transcends the boundaries of traditional disciplines (e.g., arts, natural sci-
ences, and social sciences). It enables students to explore concepts, issues, or problems by
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Ethical science

Epistemic knowledge
- ethical action

integrating perspectives from multiple disciplines, connecting new knowledge to real-life
experiences, and fostering a deeper understanding of the world (Fam et al., 2018).

Transformative biology education for promoting sustainable development can be
summarized as presented in Figure 12.

Content knowledge

- awareness

- communicative action
* interpersonal (collaboration) competency
* systems thinking competency

Professional agency . . :
- visions I-IIl of scientific literacy \ Technical-instrumental science

* integrated problem-solving
competency

v ¥

Procedural knowledge
- strategic action

* justice . . * systems thinking competency

X responsibility Meaningful science * strategic thinking competency

* ethics * problem-solving competency

* problem-solving competency * anticipatory (future thinking) competency

* normative competency

Figure 12. Transformative biology education for promoting sustainable development (cf. E. Jeronen
etal., 2024).

According to E. Jeronen et al. (2024), knowledge of environmental and scientific issues
is the starting point for transformative science education when promoting sustainable
development. This consists of awareness towards the environment and research-based
knowledge. Communicative action includes interpersonal skills, systems thinking skills,
and problem-oriented competence. Developing these skills can improve the ability to
convey messages, build positive relationships, and communicate in ways that respond to
challenges, find solutions, and encourage collaboration in problem-solving. Procedural
interdisciplinary knowledge is needed for reasoning and decision-making concerning
sustainability-related issues. Epistemic knowledge is also important. It requires the ability
to distinguish between the essence of truth and the process of justification, as well as the
management and research of factual information (Knight et al., 2014).

Transformative science education that promotes sustainability includes Visions I-III
(Roberts, 2007; Sjostrom & Eilks, 2018). Teaching based on these visions may help students
to develop the knowledge, skills, and attitudes necessary to contribute to a sustainable
future. However, thinking and envisioning the future involves making decisions based
on uncertain information. Also, limited information processing and thinking skills can
hinder learning and the belief in one’s own potential for influence. Building realistic hope
is an important goal when developing students’ readiness to face uncertainty, learn future
thinking skills, and become aware of one’s own potential for influence.
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6.8. Limitations

The limitations of the study are as follows. First, the findings are only based on the
studies listed in the bibliographical database Scopus. Other databases could also be used
to improve and compare the results. Also, due to the fact that Scopus includes mostly
articles that are written in English and the search was conducted only in English, there is
language bias. Also, the uneven distribution of research volumes between the USA and
other countries may bias the interpretation of the results.

The bibliometric analysis step was based on titles and abstracts. This could be extended
to include keywords. However, because all studies do not necessarily provide keywords
in their metadata and datasets can be large, an automatic method to extract keywords
from free-form text (abstracts or full text) is needed. Possible approaches include classical
frequency-analysis-based methods and Al-based methods, such as performing free-form
text analysis of each study with a large language model (LLM).

The literature was automatically clustered semantically, leaving a few data points as
outliers. Other methods may result in different groupings of the studies reviewed.

Due to the automatic analysis method used, the outliers likely arose from spurious
linguistic similarities of the title and abstract between the outlier data point and the data
points in the cluster into which the algorithm placed the outlier. One possible source
of this spurious similarity includes surface-level linguistic similarities that are not topic
similarities. Another is that the semantic embedding model is not perfect, which may
cause artifacts. Finally, while the normalization of the semantic vectors to unit length is
convenient to make them comparable via cosine distance, it has the effect of collapsing all
the vectors pointing in the same direction into a single point on the hypersphere surface.
This may be important if the distance from the origin happens to encode information.

A limitation of the scope of this study is that the analysis is based only on published
research. To obtain a fully up-to-date view, other research methods could be used, such as
interviews of teachers and students, as well as monitoring of teaching and learning processes.

6.9. Future Research

Future research can further advance the theory of innovative biology curricula based
on sustainable development goals, especially by integrating new disciplines such as syn-
thetic biology, synthetic ecology, and bioinformatics (Hu et al., 2025). The inclusion of
multidisciplinary theories can develop a more comprehensive and systematic framework
for curriculum innovation, improving both the theoretical depth and breadth of biology
education (Tilbury, 2011).

Future research should focus on different SE pedagogical and didactic approaches in
biology education in teacher education and at schools. The findings show that the use of
teacher-centered methods is clearly lower than the use of interactive and student-centered
methods. This suggests that the importance of teacher-centered methods has decreased.
New methods based on the constructivist paradigm may better support sustainable learning
as they place more responsibility on students for acquiring knowledge and skills than
previous methods. However, further research is needed to confirm this.

Further empirical research is also needed to explore how, through SE in biology
education, students’ sustainability thinking and competencies can be effectively developed
and assessed in classroom settings. The integration of digital technologies, such as virtual
learning environments and Al applications, into biology education fostering SE needs to
be explored.

The findings emphasize a need for comparative studies of pedagogical and didactic
approaches and their evaluations in relation to the expected learning outcomes. Longitu-
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dinal studies are crucial for assessing the long-term impact of SE in biology education on
students” attitudes and behaviors toward sustainability.

This research offers new ideas for reforming biology teaching. As all teaching situ-
ations are context- and subject-specific, it is not possible to compile a general list of the
most or least effective teaching principles and ideas. However, from a practical perspective,
the analyses offer ideas on how these findings can be used to promote a transformative
approach and sustainability considerations in biology teaching and curriculum develop-
ment. Although the analyses of recent research on biology teaching objectives, content
knowledge, teaching and learning methods, and assessment methods provide many details,
understanding teaching and learning requires a holistic view of educational processes with
all their implications. Future research should aim to explore these theoretical debates in
more detail and utilize new theoretical debates and cross-disciplinary collaborations to
promote sustainability in a future-oriented way to improve students’ sustainability skills in
a holistic manner.
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Appendix B. Technical Details of Automatic Bibliometric Clustering

This attachment explains the algorithms used for automatic bibliometric clustering
in the open-source graphical application Raven-visualizer (J. Jeronen, 2024), as well as the
preprocessing step for word cloud generation.

The title-abstract pairs from the BibTeX data were embedded into a high-dimensional
semantic space using a pretrained machine learning model, Snowflake-arctic-embed-1
(Merrick et al., 2024; Snowflake, 2024). The model is a 335M-parameter semantic vectorizer,
with output dimension 1024. The model has been pretrained with English text, causing se-
mantically similar inputs to map near each other in the high-dimensional output (semantic)
space. In the analysis performed in this study, the semantic vectors were normalized to
unit length, causing the vectors to be located on a 1023-dimensional hypersphere surface.
This enables semantic similarity detection of texts via computing the cosine similarity
between each pair of vectors. A related concept is the cosine distance, which measures
the dissimilarity in an analogous manner, allowing the computation of semantic distance
between two texts. The embedding is schematically illustrated in Figure Al.

We will next explain the full data processing pipeline of Raven-visualizer. For a
schematic illustration, see Figure A2.

The metadata of the selected studies was entered into a BibTeX database (Patashnik &
Lamport, 1985). BibTeX is a popular digital open interchange format for scholarly citations.
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The metadata included the authors, year, title, and abstract of each item. This database was
fed to Raven-visualizer.

cat biology

hot / science

I

o

cold

democracy

(a) (b)

Figure A1. Semantic embeddings with normalized semantic vectors. Each concept is mapped to the
1023-dimensional surface of the unit hypersphere. (a) A concept (“hot”) and its opposite (“cold”)
map to opposite directions on the hypersphere. Other unrelated concepts (“cat” and “democracy”)
map to orthogonal directions. (b) Related concepts map to directions that are close to each other. The
cosine of the angle 8 between the vectors measures the semantic similarity between the given pair of
concepts (“biology” and “science”) (figure by the authors).

When a BibTeX database is imported, Raven-visualizer initially clusters the semantic
vectors in the high-dimensional space using the HDBSCAN algorithm (McInnes & Healy,
2017), with cosine distance as the pairwise distance function. A number of representative
points are then automatically picked from each detected cluster. These points are used
for fitting a statistical dimension reduction model from the high-dimensional space into
two-dimensional space to facilitate visualization. The dimension reduction model is t-
distributed stochastic neighbor embedding (t-SNE; van der Maaten & Hinton, 2008), which
is a standard method that performs well for this task.

The full dataset is mapped through the fitted dimension reduction model, producing
a set of points in two-dimensional space. Because t-SNE is designed to keep neighboring
points together, it converts the clusters in the high-dimensional space into clusters in the
two-dimensional representation. However, one must keep in mind that, similarly to when
drawing a planar map of the surface of Earth (which is essentially a two-dimensional
manifold in 3-space), the dimension reduction process will cause the shape of the data
manifold to be distorted in the two-dimensional visualization.

The software then clusters the two-dimensional points again, using the same HDB-
SCAN algorithm but with different parameters, producing the final clusters used for
visualization and content analysis. During development of the software, this two-stage ap-
proach was observed to produce a cleaner clustering in the two-dimensional visualization
than just keeping the initial clusters from the high-dimensional space.

The HDBSCAN implementation used in this study was scikit-learn, version 1.6.1. In
the high-dimensional space, the parameters were min_cluster_size = 5, min_samples =1,
cluster_selection_method = “leaf”, metric = “cosine”, and store_centers = “medoid”. In
the two-dimensional space, the parameters were min_cluster_size = 10, min_samples = 2,
cluster_selection_method = “leaf”, metric = “euclidean”, and store_centers = “medoid”.

The t-SNE implementation used was OpenTSNE, version 1.0.2. The parameters were
n_components = 2, perplexity = max(16.0, N/100.0), exaggeration = 1.0, learning_rate = 10.0,
metric = “cosine”, n_iter = 500, and random_state = 42. Here, N = 165 is the number of
items in the dataset, leading to perplexity = 1.65. The random number generator (RNG)
seed was set to a fixed value for reproducibility of the dimension reduction step.
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The details can be found in the Python module raven/visualizer/importer.py in the source
code. The version of the Raven software used was 0.2.4.

School education --~.. Education

Environmental SDGs Education . .
SDGs Teacher education SDGs ;
Social SDGs !
(a) (b)
X
X
X
5 % l';: ‘:
X WX/ SDGs
(c) (d)

References

Figure A2. The data processing pipeline of Raven-visualizer. (a) The titles and abstracts (in this
schematic illustration, represented by concepts such as “SDGs” and “Education”) are embedded
into a high-dimensional space with a semantic vectorizer. (b) The embeddings are clustered with
HDBSCAN to detect the initial clusters in the high-dimensional space. (c¢) A t-SNE dimension
reduction model from the high-dimensional space into two dimensions is fitted based on the initial
clusters and then applied to the full dataset. In the dimension reduction, similar data points remain
near each other, but each cluster may end up anywhere on the map. (d) The final clusters are
determined by applying HDBSCAN again, now to the two-dimensional data (figure by the authors).

For producing the word cloud, Raven-visualizer automatically splits the titles and
abstracts into individual words. The resulting list of words is stopworded (omitting
common filler words such as “the” and “of”), lowercased (also including acronyms), and
lemmatized with spaCy (Montani et al., 2023), version 3.8.5. The number of occurrences of
each resulting lemmatized word in the dataset is automatically counted, and the result is
fed into the “wordcloud” Python package (in this study, version 1.9.4), which generates the
word cloud image.

The lemmatization process reduces each word to its stem (e.g., “thinking” becomes
“think”), thereby more clearly bringing out unique concepts. The spaCy model used for
lemmatization in this study was “en_core_web_sm”, which is a small specialized Al model
for natural language analysis of English text.
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