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thinking, problem-solving, and sustainability-oriented competencies, highlights the
importance of effective pedagogical approaches. This systematic literature review,
guided by PRISMA framework, analyzed 50 empirical studies published between 2013
and 2024, retrived from Scopus and Web of Science. The review identifies key STEM-
based stategies including technology-enhanced learning, experiental and inquirbased
approaches, problem and project-based learning, collaborative methods and
community engagement practices.Findings reveal three major contributions: (1)
current trends and geographical distribution of plant science education research, (2)
methodological patterns and dominant thematic areas, and (3) the transformative

Keywords: . ‘ potential of STEM strategies in fostering deeper engagement and ecological literacy.
STEM E.ducatlon; .Pla.nt.suence . Importantly, the review highlights significant research gaps in climate education,
education; Interdisciplinary learning; citizen science, and media-based pedagogy, offering directions for future work.

Educational strategies

1. Introduction

In recent years, the swift progression of science and technology has mandated a fundamental shift in
educational methodologies, particularly within the sphere of plant science education. As the world confronts
urgent environmental challenges such as climate change, biodiversity loss, and food security, it has become
increasingly imperative to equip students with the requisite knowledge and skills to comprehend and address
these multifaceted issues [1]. Innovative Science, Technology, Engineering, and Mathematics (STEM)
approaches offer the transformative potential to elevate plant science education by cultivating critical
thinking, problem-solving, and interdisciplinary learning among students. Plant science, a discipline crucial to
our understanding of life on Earth, spans a broad spectrum of topics, from plant physiology and genetics to
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ecology and conservation [2]. Traditional pedagogical methods in plant science have often relied on rote
memorization and passive learning, which can disengage students and fail to link theoretical knowledge with
practical applications. In contrast, STEM-based strategies emphasize active learning, hands-on
experimentation, and the integration of technology, rendering the study of plants more engaging and
pertinent to students' lives. These strategies not only enhance students' comprehension of plant science
concepts but also kindle a sense of curiosity and stewardship toward the natural world [3], [4].

A significant advantage of integrating STEM in plant science education is its capacity to promote
interdisciplinary learning. By amalgamating principles from various scientific disciplines, students attain a
comprehensive understanding of plant systems and their environmental interactions. For example, the study
of plant genetics can be enriched by incorporating bioinformatics tools. In contrast, ecological studies can
benefit from the use of Geographic Information Systems (GIS) to analyze spatial data. This interdisciplinary
approach mirrors the intricacy of real-world problems, preparing students to think critically and innovatively
[5]. Moreover, the utilization of technology in STEM-based plant science education plays a crucial role in
enhancing learning outcomes. Technologies such as remote sensing, digital microscopy, and data analytics
provide students with access to advanced tools and methodologies, enabling them to conduct sophisticated
experiments and analyses. Virtual labs and online platforms also offer interactive learning opportunities,
allowing students to explore plant biology in a simulated environment. These technological interventions
make learning more accessible and engaging and also equip students with the technical skills required in
contemporary scientific research and industry [6], [7], [8].

The integration of STEM-based methodologies in plant science education has the potential to significantly
enhance diversity and inclusivity within STEM disciplines. By providing a rich tapestry of educational
experiences, educators can foster an inviting atmosphere that inspires students from all backgrounds to
embark on careers in plant science and allied fields. In essence, the implementation of cutting-edge STEM
approaches in plant science pedagogy yields multifaceted improvements in student engagement and
comprehension. As we endeavor to cultivate the next generation of scientific minds and environmental
stewards, it is imperative that we embrace these innovative instructional paradigms. Such practices will ensure
that botanical education remains not only relevant and dynamic but also profoundly impactful for generations
to come. This systematic literature review is guided by two (2) research questions. These questions will focus
on examining specific aspects of STEM-based strategies in plant science education. Thus, the systematic review
presented in this article focuses on answering the following research question:

What are the current state and trends of educational research in the plant science education area?

The sub-objectives are then to find answers to the following questions:

What is the geographical distribution of research activity in plant science education?

What research methods were used?

What are the specific topics addressed in the plant science studies?

What are the innovative STEM-based strategies for enhancing plant science education?

These questions will be instrumental in directing the review's methodology, including the selection of
relevant studies, data extraction, and the analytical framework employed to synthesize findings. They will
ensure that the review comprehensively addresses the intersection of STEM education and environmental
sustainability with a focus on plant science education.

2. Literature Review

Integrating STEM-based strategies into plant science education has demonstrated significant promise in
enhancing student engagement, comprehension, and practical skills. A notable example is the study by [9],
which emphasizes the role of experimental protocols involving photopigments and phycobiliproteins in
biotechnological education. These protocols, developed for use with micro and macroalgae, provide students
with hands-on experience that aligns with the Sustainable Development Goals (SDGs), particularly in relation
to climate change and sustainable food systems. This innovative approach bridges theoretical knowledge and
practical applications and also introduces students to the biotechnological implications of plant science,
thereby fostering a deeper understanding and appreciation of the subject. In another study, [10] explored the
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impact of urban parks on preschool children's environmental perceptions. Their research highlighted the
multifaceted dimensions of children's experiences in urban green spaces, encompassing physical, social, and
affective aspects. Using walking interviews and thematic analysis, the study provided insights into how urban
nature spaces can be effectively integrated into early childhood education to promote environmental
awareness and literacy. This underscores the importance of experiential learning in natural settings as a means
to enhance environmental education from a young age.

Further supporting the integration of sustainability into education, [11] examined the implementation of
sustainable principles in kindergartens. Their findings revealed that children enrolled in ecological programs
had a greater understanding of sustainability topics compared to those in language-focused programs. This
study suggests that incorporating sustainability education at an early age can lay a strong foundation for future
environmental stewardship and highlights the need for such topics to be embedded in early childhood
curricula. Another innovative approach is discussed by [12], who developed an Artificial Intelligence of Things
(AloT) system for educational purposes. Their research showcased how AloT can enhance learning experiences
by providing real-time feedback on environmental conditions and student interactions with plant ecosystems.
The use of smart dashboards and monitoring systems improves the learning environment and also engages
students in interactive and data-driven educational activities. [13] explored the role of ecopedagogy in
integrating chemistry, urban environments, and soil conservation into education. Their interdisciplinary
approach aimed to challenge preconceived notions about urbanization and synthetic chemistry's impact on
soil degradation. By conducting hands-on educational activities, the study demonstrated how scientific
knowledge and practical skills can be combined to foster environmental consciousness and promote
sustainable practices among students.

On the other hand, [14] developed a web application for observing flowering phenology, which proved
effective in climate-related learning for elementary students. The use of time-lapse digital images to track
seasonal changes in cherry blossoms helped students connect local environmental phenomena with broader
climate change concepts. This participatory approach utilizing digital technology enhances students'
understanding of environmental science and its real-world applications. In exploring the concept of "green
schools, [15] assessed the integration of sustainability in European and Kazakhstani educational institutions.
Their research highlighted the psychological aspects of environmental education and the importance of
creating ecologically literate and culturally aware students. The study's findings emphasized the need for
continuous environmental education throughout different educational stages to achieve meaningful and
lasting impacts on students' environmental behaviors and attitudes. The role of free-choice learning
environments in early childhood education was examined by [16]. Their study on plant diversity learning
environments demonstrated how social and material interactions influence children's achievement of learning
objectives. This research provides valuable guidelines for designing effective educational settings that
encourage active engagement and intentional learning in young children.

Finally, [17] conducted a qualitative investigation on the impact of kitchen garden programs on grade 4
students' connection to nature and the development of ecoliteracy. The study discovered that regular
interaction with the garden enhanced students' familiarity with and empathy for living organisms, fostering a
deeper interest in the natural environment. This research underscores the importance of immersive,
transdisciplinary learning experiences in cultivating environmental awareness and responsibility among young
students.

3. Material and methods
3.1 Identification

The systematic review approach employed in this research comprised three distinct phases, each
pivotal for the selection of pertinent literature. The initial phase focused on the identification of
appropriate keywords. This was accomplished by utilizing resources such as thesauri, dictionaries,
encyclopedias, and existing scholarly works to formulate comprehensive search strings.
Subsequently, these search strings were applied to databases, including Scopus and Web of Science
(WoS), as detailed in Table 1, ensuring a thorough retrieval of relevant keywords. This meticulous
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keyword selection process during the first stage of the systematic review yielded a total of 1586
papers from the aforementioned databases, contributing significantly to the body of literature
analyzed in this study.

Table 1
Search string for Scopus and WoS
Scopus TITLE-ABS-KEY ( ( "environment* education” OR "science education" OR "STEM
education" OR "nature based learn*" ) AND ( "intervention" OR "strateg*" OR
"approach" OR "program" OR "method" ) AND ( "plant" OR "vegetat*" OR "flora" OR
"green" OR "school garden" ) )
Date of Access: July 2024
WoS TS= ((“environmental education" OR "science education" OR "STEM education" OR

"nature based learning" ) AND ( "intervention" OR "strategy" OR "approach" OR
"program" OR "method" ) AND ( "plant" OR "vegetatation" OR "flora" OR "green" OR
"school garden"))

Date of Access: July 2024

3.2 Screening

During the screening phase, retrieved records were rigorously assessed for alignment with the research
objectives. Content-specific criteria prioritized studies relevant to plant science and environmental education,
while duplicate entries were removed. A total of 769 publications were excluded for irrelevance, duplication,
or limited empirical focus. In the eligibility phase, 817 articles were evaluated against inclusion and exclusion
criteria (Table 2). The review emphasized empirical research, excluding reviews, meta-syntheses, book
chapters, and proceedings unless recent. Only English-language works published between 2014-2024 were
considered. After eliminating 20 further duplicates, 50 studies fulfilled the criteria, forming the empirical basis
of analysis.

Table 2
The selection criterion of searching
Criterion Inclusion Exclusion
Language English Non-English
Timeline 2013 -2024 <2013
Literature type Journal (Article) Conference, Review, Book, and proceeding
Publication Stage Final In Press
3.3 Eligibility

Following the PRISMA protocol, a total of 749 records were screened for eligibility. Titles,
abstracts, and full texts were assessed against the inclusion criteria, leading to the exclusion of 699
studies that did not align with the review objectives. Ultimately, 50 articles met the eligibility
requirements and were retained for full analysis (Figure 1). These studies constitute the empirical
foundation of the review and underpin the synthesis presented in the findings.
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Fig. 1. Flow diagram of the proposed searching study [18], [19]

3.4 Data abstraction and analysis

This study employed an integrative analysis to evaluate and synthesize diverse research
methodologies, including quantitative, qualitative, and mixed-methods approaches. The goal was to
identify relevant themes and subthemes within the data. As shown in Figure 2, 50 selected
publications were systematically reviewed for assertions and content related to plant science
education. The analysis involved examining methodologies and findings, from which evidence-based
themes were developed collaboratively among the authors. A log was maintained to track insights
and facilitate interpretation. Finally, a comparative analysis was conducted to resolve discrepancies,
and the themes were refined to ensure coherence and consistency across the findings. To validate
the appropriateness of each subtheme, domain validity was established through the expert review
by two specialists: one in plant science education and the other in STEM education, thereby
reinforcing the methodological rigor and relevance of the derived themes.
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4. Result

This section will delineate the principal outcomes gleaned from scrutinizing the selected publications. We
commence with a synopsis of the findings from our quantitative descriptive analysis. The ensuing segments
will explore the results of our qualitative evaluation, focusing on the essence and seminal discoveries within
the analyzed articles.

4.1 State and trends of educational research

The field of plant science education has significantly transformed over the past decade, reflecting shifts in
educational research priorities and global challenges, as charted in Figure 2.
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Fig. 2. The chart illustrates the yearly distribution of studies from 2013 to 2024

The chart in Figure 2 illustrates the yearly distribution of studies from 2013 to 2024, highlighting the
research activity in plant science education over this period. In the earlier years, 2013 and 2014, there was
minimal research activity, with only one study each, indicating either a nascent stage of development or
different research priorities. Activity increased significantly in 2017 and 2018, with eight and nine studies,
respectively, marking these years as peaks of interest and engagement in the field. Research output remained
stable but lower in 2019 and 2020, each with two studies. The notable dip in 2020 can likely be attributed to
the impact of the COVID-19 pandemic, which disrupted many research activities worldwide [20]. However,
the subsequent years showed a resurgence in research, with 2021 recording six studies. This upward trend
continued into 2022 and 2023, each with seven studies, reflecting a robust and sustained interest in plant
science education. The year 2024, with five studies, maintains this trend of significant research activity,
indicating ongoing engagement and investigation in the field. Overall, the data reveals a dynamic and evolving
landscape in plant science education research, with periods of high activity over the years.
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Fig. 3. The chart illustrates the geographical distribution of studies in plant science education across
various countries

The chart in Figure 3 illustrates the geographical distribution of studies in plant science education across
various countries. The United States leads significantly with 11 studies, highlighting a strong focus on this field.
Germany and Spain follow, each contributing 5 studies, indicating notable research activity. Portugal has 3
studies, while Indonesia, Malaysia, the United Kingdom, Australia, Japan, Turkey, and Norway each have 2
studies, showing a moderate level of engagement. Several countries, including the Czech Republic, Italy,
Cyprus, Greece, Croatia, Taiwan, Brazil, African nations, European countries, Kazakhstan, and America, each
contributed 1 study, suggesting emerging interest or limited research activity in these regions. The diverse
international representation in plant science education research underscores the global recognition of its
importance. This widespread engagement highlights a shared understanding of the critical role plant science
plays in addressing global challenges such as food security, climate change, and biodiversity conservation. The
varying research intensity across different regions implies that while some countries lead in producing
substantial research outputs, others are beginning to realize the field's potential and are increasing their
contributions. This global diversity in research activities fosters a more comprehensive and inclusive
understanding of plant science education, promoting innovative solutions and collaborative efforts to enhance
educational practices worldwide. The implications for the future are significant, suggesting that as more
countries invest in plant science education research, there will be a broader exchange of ideas and
methodologies, ultimately leading to more effective and globally relevant educational strategies.
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The chart in Figure 4 presents the distribution of research methodologies employed in plant science
education studies. Quantitative methods dominate, accounting for 22 studies, highlighting a preference for
numerical data and statistical analysis in this field. Qualitative methods are also well-represented, with 15
studies focusing on non-numerical data and thematic analysis to explore experiences and perceptions. Mixed
methods, which combine both quantitative and qualitative approaches, are used in 13 studies, reflecting a
balanced approach to capturing comprehensive insights. This distribution underscores the diverse
methodological approaches in plant science education research, emphasizing the value of both numerical data
and in-depth qualitative insights to advance understanding in the field. The chart illustrates the distribution of
research studies in plant science education across different educational levels.
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Fig.5. The distribution of research studies in plant science education across different educational levels.
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The chart in Figure 5 illustrates the distribution of research studies in plant science education across
different educational levels. The majority of studies focus on school and college students, with 16 studies
indicating a significant emphasis on this demographic. Elementary school students are also a major focus, with
14 studies highlighting the importance of early education in plant sciences. University-level studies are less
prevalent, totaling 4, while preschool students and pre-service teachers are the least studied groups, with 2
and 1 study, respectively. This distribution underscores the prioritization of middle to high school education
in plant science research, reflecting an effort to engage students during critical learning phases.

4.2 Content Analysis

As illustrated in Table 3, the reviewed studies span several educational categories that collectively shape the
field of plant science and environmental education. The largest proportion of research
emphasizes experiential and inquiry-based learning (n=18), highlighting the value of school gardens, outdoor
biodiversity projects, and authentic fieldwork in promoting engagement, critical thinking, and ecological
responsibility. Another substantial cluster of studies is situated within environmental and sustainability
education (n=12), focusing on the integration of green practices, ecoliteracy, and sustainable development
goals into formal curricula.

Table 3
Overview of Educational Categories and Related Articles in STEM and Environmental Education

Category Content (Examples from Articles) Number of
Articles
Related
Environmental and Urban parks, school gardens, sustainability, ecoliteracy, eco-media, 18
Sustainability Education SDGs, environmental values, conservation
Plant and Botany Plant biology, species identification, biodiversity, plant awareness, 14
Education botanic gardens, hydroponics, ecological restoration, kitchen gardens
STEM and Science Inquiry-based learning, science process skills, geoscience education, 10
Education game-based learning, biotechnology (algae, photosynthesis, dyes), E-
STEM pathways
Technology-Enhanced Augmented reality, Al/loT, digital tools, mobile applications, tablet- 9
Learning in STEM/EE based learning, web-based inquiry, virtual vs in-person
Early Childhood and Preschool children, kindergarten sustainability, early childhood plant 9
Primary Education diversity, elementary science, children’s drawings, family involvement
Community, Culture and Informal eco-media, cultural heritage (Maya, Indonesia), citizen 8
Informal Education science, summer camps, eco-attractions, social gardens, , community-
based education
Higher and Teacher Teacher self-efficacy, higher education nature-based learning, SciLG 5
Education program (minority groups), professional development
Climate Education Phenology and web applications, digitalization for climate adaptation 3

Technology-enhanced learning emerges as a rapidly growing area (n=12), with studies exploring the
application of augmented reality, mobile tools, and Al/loT to strengthen inquiry and collaboration in plant-
related education. Research on community-based and informal education (n=9) demonstrates the role of
citizen science, cultural heritage initiatives, and informal programs such as summer camps in fostering
environmental awareness beyond classroom settings. Meanwhile, early childhood and primary
education (n=4) and higher and teacher education (n=5) receive comparatively less attention, though they
underscore the importance of early engagement with biodiversity as well as teacher preparation and
professional development.

Notably, only a small subset of the reviewed articles explicitly foreground climate education (n=2), despite
the critical role of plants in both mitigation and adaptation processes. This underrepresentation suggests that
while plant science education is being enriched through experiential, technological, and community-oriented
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approaches, its integration with climate literacy remains limited. This gap highlights an urgent need for
interdisciplinary efforts that more directly connect plant-focused curricula with climate change education,
particularly in early schooling where foundational scientific understanding and pro-environmental attitudes

are shaped.

4.3 STEM based strategies in plant science education

STEM-based strategies in plant science education encompass diverse approaches designed to enhance
engagement and learning outcomes. These include technology integration, experiential and inquiry-based
methods, problem-based and collaborative learning, as well as multidisciplinary and community-oriented
approaches. Each strategy contributes distinctively, from leveraging digital tools to fostering hands-on practice
and social learning. A structured synthesis of these strategies, with supporting examples, is presented in Tables

4-8 :
i) Technology Integrated Learning
Table 4
Technology-Integrated Learning Strategies and Their Characteristics in Environmental and Science Education
Category Strategy Characteristic of Strategy Author

Technology- AloT system e  Provides real-time feedback on environmental [12]
Integrated implementation conditions using smart dashboards
Learning Computer game e  Educational computer game (Ecoship Endeavour) [21]

based on ICMDCR framework

e Adigital game-based learning method to
improve female students' critical thinking skills in
elementary science

Mobile application

e LOVE2GreenMY" mobile app for environmental [22]
education in Malaysian schools

e Plant-O-Matic, a free iOS plant species [23]
identification
e The app also offers additional species
information like growth form, reproductive
mode, flower color, and common name when
available.

Web application

e  Web application for cherry blossom observation [14]
e  Uses digital technology for phenological
observations in climate education

e Web-based inquiry (BearCam, Virtual Ecological [24]
Inquiry)

e Web-based inquiry projects engage learners and
enhance investigative practices in science
education.

Digital Tools

e |D- Logics tool for species identification [25]
e The ID-Logics tool has advantages in terms of
enjoyment and learning about individual
characteristics of plants.

e  Garden TOOLS program [26]
e Integrates technology into garden-based STEM
learning, and improves teacher self-efficacy.

e DPaCK-Model is useful for analyzing student [27]
projects from a subject didactic perspective.
Augmented Reality (AR) e Development of AR-based Interactive Learning [28]

Media through the Assemblr EDU application to
increase interest in environmental education.
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e AR application for the ecological tour. Students [29]
adapted to learning with technology combined
with traditional methods.
Use of tablets and e Tablets in education. Results from the initiative [30]

applications for content
delivery

ETIE, for teaching plants to primary school
students

i) Experiential and Inquiry-Based Learning

Table 5

Experiential and Inquiry-Based Learning Strategies and Their Characteristics in Environmental Education

Category Strategy Characteristic of Strategy Author
Experiential Exploration of urban e  Exploration of urban park experiences [10]
Learning park experiences [31]

e Verbal expression of nature concepts
Nature-based e Nature and outdoor learning [32]
learning
Experiment e At-home plant biology experiments [33]
(9]
o Simplifying the execution of experiments in educational
settings
Year-long kitchen e Enhances ecoliteracy through year-long gardening [17]
garden program activities
School kitchen- e Hands-on gardening projects in schools [34]
garden project
Urban vegetable e  Practical urban gardening with composting techniques [35]
gardening, e  Combines gardening with social and community
composting, engagement
workshops
Social or community
gardening
Phenological e Engages students in phenological studies to observe [14]
observations seasonal changes
Free-choice learning e Social and material interactions influencing children’s [16]
environment on plant learning
diversity
Drawing activities e  Children’s drawings reveal their perception of local [36]
biodiversity and limited understanding of the
environment as a system based on analysis of natural,
geological, and anthropic elements depicted
e Children depict plants in their drawings, focusing on color  [37]
choices to gain insights about plants
Horticultural e Uses summer camps for horticultural education [38]
curriculum, summer
camps
Eco-attraction-based e Uses eco-attractions for experiential learning [39]
education
Outdoor activity, e Usesinquiry-based methods to measure plant [40]
inquiry-based activity, biodiversity [41]

authentic field
methods
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Coastal Roots e Integrates tree-ring science into environmental education [42]
Program, tree-ring programs
science integration
Uses school gardens e School gardens as milieu for learning, aligned with Next [43]
to facilitate inquiry- Generation Science Standards
based learning
ii) Problem-Based, Collaborative, and Cooperative Learning
Table 6
Problem-Based, Collaborative, and Cooperative Learning Strategies and Their Characteristics in
Environmental Education
Category Strategy Characteristic of Strategy Author
Collaborative Integration of local e  Evaluates sustainability understanding in [11]
Learning values in kindergartens
environmental e Collaborative activities like planting gardens,
education recycling projects, and group discussions about the
curriculum. environment
e Incorporates local cultural values into environmental [44]
education
e Collaborative project and encompassed several [45]
activities and subjects, including garden creation,
plant propagation and plant care, plant identification,
the study of form function relationships, and lectures
by plant researchers.
Cooperative  Cooperative e Engages families in cooperative science learning [46]
Learning learning-based activities
science education
program with family
involvement
Environmental e The cooperative element between different [15]
education with educational institutions, sharing best practices,
psychological resources, and methodologies to achieve the goal of
methods becoming "green schools”.
Problem- Simplifying the e Develops simplified protocols for conducting plant [9]
Based execution of science experiments
Learning experiments in
educational settings
Kitchen gardens, e Enhances ecoliteracy through transdisciplinary [17]
ecoliteracy, learning
transdisciplinary
learning
Evaluation of species e Assesses species literacy through interactive learning [13]

literacy, especially
regarding local flora
and fauna

iiii) Mixed Methods and Multidisciplinary Approaches
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Table 7

Mixed Methods and Multidisciplinary Approaches in Environmental Education: Strategies and

Characteristics

Category Strategy Characteristic of Strategy Author
Mixed Surveys, interviews, observations, e  Utilizes concept mapping alongside [13]
Methods concept mapping traditional surveys and interviews

Digital tools, plant identification e Combines traditional and digital tools for  [25]
species identification

In-person and virtual nature-based e Compares virtual and in-person nature- [47]

environmental education based learning experiences

Drawing analysis, written questions, e Uses children's drawings and interviews [16]

interviews to analyze perceptions [48]

At-home plant biology experiments e Simplifies plant biology experiments for [17]
remote learning

Tree-ring research, geoscience e Integrates fieldwork and geoscience [42]

education, fieldwork education

Al, 10T, smart learning environments, e Combines Al and IoT for smart learning [12]

environmental education environments

iv) Community Engagement and Social Learning
Table 8

Community Engagement and Social Learning Strategies in Environmental Education: Methods and

Characteristics

Category Strategy Characteristic of Strategy Author
Community Urban vegetable gardening, e  Practical urban gardening with composting [35]
Engagement  composting, workshops, and techniques

community engagement e  Focuses on sustainable resource use and [49]
community engagement

The social garden e  Social or community gardening [50]

Citizen science e Uses citizen science and international [51]
collaboration for phenological studies

Environmental media e Uses animated children's television [52]
programs and transmedia for
environmental education

Heritage curriculum e Develops curricula based on cultural [53]

heritage and environmental education

By implementing these varied approaches, educators can create a more comprehensive and effective
learning environment that addresses the multifaceted nature of plant science and its relevance to broader

STEM fields.

5. Discussion

The systematic literature review on innovative STEM-based strategies for enhancing plant science
education reveals numerous promising approaches and areas for future development. Environmental
education in urban green spaces and garden-based learning emerge as significant focal points, with
recommendations to incorporate these concepts into mandatory curricula. Technology integration,
particularly augmented reality and digital tools, stands out as a crucial area for further research and
implementation in environmental and science education. The importance of hands-on activities, fieldwork,
and laboratory experiments is emphasized, especially in the context of teaching about environmental policies
and conservation. Hence, improving teacher training in science education and botany is highlighted, along
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with the need for comprehensive guidelines for designing and evaluating learning environments, particularly
in early childhood education. The review points to the necessity of addressing individual understanding of
nature, incorporating animals and plants in higher education curricula, and promoting social justice through
environmental education. Cooperative learning involving families, especially in preschool education, is
suggested as an area for further exploration. The use of games, mobile applications, and web-based inquiry
projects for biodiversity education is recommended for expansion. The long-term impacts of experiential
environmental education on youth perceptions and actions regarding ecological crises require additional
investigation. Consequently, the potential of social gardens and botanic gardens as educational tools is
highlighted, with suggestions to explore their broader social impacts. The document also emphasizes the need
for developing more at-home DIY experiments for remote teaching situations and improving initial teacher
training in science education. Specific thematic topics such as overcoming environmental pollution, preventing
global warming, and promoting wise use of flora and fauna are suggested for inclusion in educational
programs. The integration of environmental education with psychology in a continuous educational process is
proposed, along with guidelines for teaching digital literacy and further implementation of Education for
Sustainable Development (ESD). The review also recommends examining instructional benefits across diverse
learner groups and using tools like the GREEN Tool to operationalize school gardening components.

6. Conclusion

The comprehensive review of innovative STEM-based strategies for enhancing plant science education
underscores the need for a multifaceted and integrated approach. Future research and educational practices
should focus on seamlessly incorporating environmental education into mainstream curricula, leveraging
technology for enhanced learning experiences, and promoting hands-on, experiential learning. Therefore,
improving teacher training, developing comprehensive guidelines, and addressing individual understanding of
nature are crucial steps for advancing plant science education. The review emphasizes the importance of
interdisciplinary approaches, community involvement, and long-term impact assessment in shaping effective
educational strategies. By implementing these recommendations, educators and policymakers can work
towards creating more engaging, effective, and environmentally conscious plant science education programs
that prepare students for the ecological challenges of the future. The focus on technology integration,
particularly AR and digital tools, reflects the need to adapt educational methods to contemporary
technological advancements while maintaining a strong connection to practical, hands-on learning
experiences. Overall, these suggestions aim to foster a deeper understanding of plant science and
environmental issues among students, potentially leading to increased ecological awareness and stewardship
in future generations. The emphasis on diverse learning environments, family involvement, and social justice
aspects of environmental education suggests a holistic approach to science education that goes beyond
traditional classroom boundaries.
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