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REVIEW ARTICLE

Beyond ChatGPT: a review of the use of AI tools in biological 
education
Peter A. Cotton a and Debby R. E. Cotton b

aPAC - School of Biological and Marine Sciences, University of Plymouth, Plymouth, UK; bSustainability, 
Creativity, and Innovation SCION Research Group, DREC - Plymouth Marjon University, Plymouth, UK

ABSTRACT
Artificial intelligence (AI) is increasingly shaping biological research, 
yet its adoption within biological education has been much slower, 
partly due to concerns surrounding generative AI (GAI) tools such as 
ChatGPT. Despite this, AI-driven applications including iNaturalist 
and Google Lens are being used to support teaching and learning 
in biology. This review examines the potential benefits of AI in 
biological education, including enhanced student engagement 
and subject knowledge, support for coding skills, assistive technol
ogies for students with disabilities, and the use of predictive mod
elling to identify at-risk students. It also reviews emerging literature 
on the integration of specialised machine learning tools for bioima
ging and species identification in biology teaching. Evidence sug
gests that tools such as iNaturalist can improve learning outcomes, 
promote engagement, and foster environmental stewardship. 
However, challenges associated with GAI are also discussed, includ
ing academic integrity, assessment design, misinformation, and the 
potential erosion of critical thinking and independent research 
skills. To maximise benefits while minimising risks, appropriate 
professional development for educators and clear guidance for 
students are essential. The review highlights the need for further 
rigorous research, particularly regarding impacts on critical thinking 
and the integration of AI into laboratory and field-based activities.
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Introduction

It is no understatement to say that Artificial Intelligence (AI) has revolutionised biology 
research; most clearly illustrated by the award of the Nobel Prize to the Google 
DeepMind scientists who developed the Alpha Fold model to predict protein structures 
(Callaway 2024). In under a decade, AI has transformed ‘omics (Szalata et al. 2024), 
molecular and cellular engineering (Abudayyeh and Gootenberg 2024), and shows great 
potential in fields as disparate as cancer biology (Fan, Nazaret, and Azizi 2024), animal 
behaviour (Goodwin et al. 2024) and tackling the biodiversity crisis (Han et al. 2023). All 
these developments underpin biological education – at least at the tertiary level – thus 
consideration of AI in this context is an urgent imperative.
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Prior to 2022 the use of AI was rare, even among scientists, as it required high-level 
programming skills. This changed almost overnight with OpenAI’s ChatGPT, a chatbot 
using Generative AI (GAI) that was easy to use and freely available. ChatGPT is a large 
language model (LLM), just one of a range of deep learning models, trained on a huge 
data-set and able to generate human-sounding text (See Table S1 for a Glossary of terms 
used in Artificial Intelligence). In 2023, ChatGPT was included alongside human 
researchers in Nature’s list of the biggest stories in science (Kramer 2023). Alongside 
ChatGPT came growth in other AI applications, including computer vision models that 
identify species from images (e.g. i-Naturalist). These systems use neural networks 
trained on vast collections of labelled images and can be used to support learning and 
engagement especially through fieldwork.

Almost as soon as ChatGPT was released in 2022, it provoked controversy, both for its 
potential impact on educational outcomes and for the environmental damage caused by 
its use. Within months it was blocked in China and Italy, sued for defamation of 
character, investigated by the US Federal Trade Commission, and banned in universities 
across the globe (Sullivan, Kelly, and McLaughlan 2023). One of the major educational 
concerns has been the challenge to assessment integrity (Cotton, Cotton, and Shipway  
2023); many traditional forms of university assessment were easily completed using GAI 
tools, and this has become a more pressing issue as tools are updated. While they remain 
only ‘stochastic parrots’ (Bender et al. 2021), increases in the size of the training sets and 
underlying computing power have dramatically increased their scope and accuracy. 
OpenAI claim that GPT-4 ranked in the 99th percentile of students competing in the 
Biology Olympiad (Koetsier 2023), and essays generated entirely by GPT-4 achieved 
higher grades than undergraduates at the University of Reading where the AI writing 
went almost entirely undetected (Scarfe et al. 2024). Though the initial panic has largely 
subsided, universities are still unsure how to manage GAI. While some consider GAI to 
represent the future of teaching and learning, others perceive it as a threat to students 
developing core skills such as problem-solving (Baidoo-Anu and Owusu Ansah 2023; Yu  
2023). It is clear from surveys of thousands of undergraduate students in Sweden (Stöhr, 
Wanyu Ou, and Malmström 2024) and the UK (Freeman 2024) that the use of GAI is 
extensive, with around 16% of students admitting using it in assessments.

Previous reviews have considered the geographical spread of research on AI in 
education, the focus of studies, and gaps in the literature. Chen, Chen, and Lin (2020) 
draw largely positive conclusions from their review, focusing on the benefits of AI for 
teaching, personalised learning, and more efficient marking. But this review already 
seems to reflect a different era for AI in education, pre-dating ChatGPT and the 
subsequent explosion of research fuelled by concerns about student cheating. Zhai 
et al. (2021) also review literature on AI and education pre-2020 but take a more critical 
stance, foreseeing some of the social and ethical challenges AI might bring, as well as 
illustrating potential benefits. The description of teachers’ attitudes as encompassing 
a ‘swing from total resistance to overreliance’ (p. 13) feels particularly prescient, reflect
ing a current divide between staff in many universities. In a more recent review, 
Crompton and Burke (2023) consider the disciplinary focus of researchers. They identify 
discipline-focused reviews in engineering education (Shukla et al. 2019), mathematics 
education (Hwang and Tu 2021), language learning (Liang et al. 2021), and medical 
education (Winkler-Schwartz et al. 2019) – but nothing to date in biological education.
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In this paper we review research published between 2020 and 2024, analysing the key 
topics covered and exploring the implications of AI for biological education. We also 
investigate the use of AI-powered apps of potential interest to biologists (which are 
poorly covered in many reviews), as well as papers which give a wider picture of how such 
tools are being used in biological education. We explore knowledge gaps and make 
recommendations for future research.

Methods

On 14 November 2024, we searched Scopus for all papers containing < chatgpt OR ai OR 
‘artificial intelligence’ OR ‘machine learning’ AND education > in the title, abstract or 
keywords. This yielded 52,387 references, so we refined the search using the inclusion 
and exclusion criteria shown in Table 1, leaving in 1087 articles that were reviewed 
manually. Of these, almost half had a focus on computer science (22.2%), medicine 
(17.2%) and engineering (10.4%), and many mentioned education only tangentially. This 
left 61 publications for review (Table S2).

We chose Scopus to restrict the search to published articles with an acceptable level of 
rigour. The cut-off date of 2020 was selected to differentiate our review from two highly 
cited reviews on AI and education which cover the period up to 2020 (Chen, Chen, and 
Lin 2020; Zhai et al. 2021), and to encompass the exponential rise in articles on AI and 
education since 2020. Almost 70% of publications listed on Scopus between 1970 and 
2024 containing the terms ‘ChatGPT’ OR ‘ai’ OR ‘artificial intelligence’ OR ‘machine 
learning’ AND ‘education’ in the title, abstract or keywords were published since 2000, 
and over 26% in 2024 alone. We narrowed down the search to biological education 
specifically in line with the focus of this journal.

A recent horizon scan of emerging challenges for teaching ecology highlighted the 
importance of using new technology, including virtual reality and AI to enhance field
work (Cooke et al. 2020). However, few relevant papers were found in our initial 
literature review because apps like iNaturalist or Merlin are often mentioned without 
any reference to the underlying machine learning methods that enable them. These tools 
employ deep learning algorithms trained on large image or audio data-sets to recognise 
and classify species, yet their AI components are rarely recognised in the educational 
literature. We therefore searched the internet and examined the Apple App Store and 
Google Play to identify 66 AI-powered apps of potential interest to biologists (Table S3). 
On 20 November 2024, we searched Scopus for all papers containing the name of each 
app AND ‘education OR student’ in the title, abstract or keywords. This yielded 788 
references, covering 28 of the apps. We then filtered the papers following the inclusion 
and exclusion criteria shown in Table 2, leaving 43 publications for review (Table S4), 
covering just 14 of the apps (Table 3).

Table 1. Inclusion and exclusion criteria used in the main literature review.
Inclusion Exclusion

Included in Scopus database Published before 2020
Original research or review papers Editorials
Focus on biological education Medical literature, healthcare, agriculture
Published in English Not on education or artificial intelligence.
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Our review focused on the following questions:

● What are the opportunities of using GAI in biological education?
● What are the challenges for using GAI in biological education?
● In what ways are specialised machine learning tools for bioimaging and species 

identification used in biological education?
● What gaps exist in the literature, and what areas require further research to under

stand the longer-term impact of AI on biological education?

An inductive coding approach (Fereday and Muir-Cochrane 2006) was taken to identify 
key themes in the papers selected, answer the research questions posed and identify gaps 
in the literature. The results of our review are divided into four sections, aligned with the 
research questions above

Opportunities for using AI in biological education

Enhancing student engagement in biology
Learning and student engagement are most effective when students are supported to 
achieve just beyond their current level of independent competence. Lev Vygotsky’s 
concept of the Zone of Proximal Development (ZPD) delineates this optimal region for 
learning, where progress occurs through guided support of a teacher or more skilled peer 
(Vygotsky 1978). In a similar vein, Wood et al. (2021) introduced the idea of scaffolding - 
structured support that helps students solve a problem which would be otherwise beyond 
their reach. In the case of AI in education, the ‘more capable other’ of the ZPD may not 
be a teacher or peer, but a machine acting as a mediational tool with AI technologies 
offering a novel form of digital scaffolding. AI technologies, including computer vision 
and adaptive learning platforms, can personalise instruction, model expert guidance, and 
sustain engagement through interactive feedback (Agathokleous et al. 2023; 
Aleksandrovich et al. 2024; Gibson et al. 2023; Koć-Januchta et al. 2020; Koć-Januchta 
et al. 2022; Lin 2024; Lytvynova, Nataliia, and Olga 2024; Rahioui 2024; Schmucker et al.  
2024).

Adaptive learning, using learning data analysed by AI, allows tailoring of educational 
inputs or assessments to diverse student groups. For example, Schmucker et al. (2024) 
trialled a conversational tutoring system to personalise learning in biology classes. 
Results indicated increased student engagement although not improved learning out
comes. Another study which used advanced algorithms to customise content delivery for 
individual students reported a 20% increase in student engagement and a 25% 

Table 2. Inclusion and exclusion criteria used in the literature review on AI-powered 
applications.

Inclusion Exclusion

Included in Scopus database Published before 2020
Original research or review papers Not about the app
Focus on biological education Not on education
Published in English Medical, healthcare, agricultural literature
Using the AI-powered aspects of the tool Primarily used for citizen science, not education
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Table 3. A brief description of AI tools cited in published studies included in this review.1 Tools are 
ranked by the number of studies that cited them, shown in parentheses. A full list of all 71 AI tools 
included in the literature search, as well as links to the developers’ webpages, is given in table S2.

iNaturalist/Seek by iNaturalist (39) iNaturalist is a citizen science platform for sharing and identifying biodiversity 
observations, while Seek is a separate mobile app designed for beginners that uses computer vision for instant, real- 
time identification of plants and animals. The main differences are that Seek requires no account to use, and keeps 
observations private by default, whereas iNaturalist is for ages 13+ and relies on a community for confirming 
identifications in its public database. 
Google Earth Engine (9) is a Google Cloud product for geospatial analysis at scale. It integrates an extensive 
geospatial data catalogue with distributed computing, accessible through client libraries. Users can access a wide 
range of satellite and environmental data, as well as incorporating their own datasets. The platform simplifies 
geospatial analysis by automatically handling data projection, scaling, and compositing based on user-specified 
parameters. Its analytical functions operate efficiently across different scales without requiring explicit data 
preparation. By managing complex data processing and computational scaling internally, Earth Engine enables 
users to focus on analysis rather than technical setup. 
Google Lens (9) is a visual search engine that uses your camera, a photo, or a screenshot to let you “search what 
you see”. It uses AI to identify objects, text, and more, providing relevant information, such as identifying a plant or 
translating text. It can be used to copy text to a computer, get step-by-step assistance, and explore visually similar 
images. 
ID-Logics (4) is an interactive species identification app that uses a logic-based system to help users identify plants 
and animals. It operates without an internet connection and provides interactive support, such as short videos for 
difficult steps, to guide users through the identification process. The app’s design prioritizes simplicity and 
interactivity, offering assistance, traceability, and the ability to save identified species with details like GPS 
coordinates and photos. 
PictureThis (4) is a mobile app that uses AI to identify plants with over 98% accuracy by taking a picture. It provides 
detailed information on millions of plants, diagnoses plant diseases, offers care tips and reminders, and can identify 
toxic plants. The app is available on both Android and iOS, with a premium subscription for unlimited features, 
though a free version is also available. 
Pl@ntNet (4) is a citizen science platform and mobile application that uses image recognition technology to identify 
plant species from photographs. The identification process is powered by a machine-learning algorithm that 
compares a user’s image to a vast botanical database. To ensure accuracy and expand its database, Pl@ntNet 
leverages a cooperative system that relies on the participation of users with varying levels of botanical expertise. 
LeafSnap (3) is a mobile application developed by the Smithsonian Institution, Columbia University, and the 
University of Maryland that identifies plants, trees, flowers, and mushrooms from user-submitted photos. It uses 
visual recognition to identify plant species with an accuracy of up to 90%, and its database continually learns and 
adds new species. Additional features include a plant journal, disease diagnosis, and care reminders. 
Merlin Bird ID (3) is a free, AI-powered mobile app from the Cornell Lab of Ornithology that helps users identify 
birds by photo, sound, or a series of questions about their characteristics. It uses data from eBird, the world’s largest 
bird-sighting database, to provide likely matches with information like photos, songs, range maps, and expert tips. 
Plant.id (3) is a mobile tool that uses AI to identify plants and diagnose plant diseases from a photo. Key features 
include instant plant identification, disease diagnosis and treatment suggestions, a database to learn more about 
plants, and the ability to manage your plant collection. The app also provides care guides and can identify 90 
different diseases, including pests and fungal infections. 
Flora Incognita (2) is a free, AI-powered mobile app that helps users identify wild plants by taking photos, and also 
serves as a citizen science platform for ecological research. Developed by scientists in Germany, the app uses deep 
learning algorithms to identify thousands of species accurately, even when plants aren’t in bloom. Users can 
document their finds in a personal list and contribute valuable data to studies on biodiversity, climate change, and 
conservation efforts. 
PlantSnap (2) Is a mobile app that uses a photo to identify over 600,000 plants and fungi. It provides additional 
information such as scientific names, habitats, and care instructions. The app includes a community feature for users 
to connect and share discoveries and a feature where you can request identification from an expert if the automated 
system is stumped. 
aiplant (1) uses machine learning and a vast plant photograph gallery to identify over 11,000 plant species and 
provide links to additional information from Wikipedia. It is most effective for plants found in Asia. The app’s 
database grows with user contributions, which are used to train the model. 
ForAlexa (1) is an online tool for the rapid development of AI skills for the teaching of evolutionary biology using 
Amazon’s Alexa cloud-based virtual assistant. It allows educators to develop apps quickly and easily for their classes 
and could be an alternative for students with special needs such as the visually-impaired. 
OH!BUG (1) is a digital product developed in the University of Aveiro, Portugal, to connect young learners to plants, 
by helping them to identify and map the species in their neighbourhood.
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improvement in learning outcomes (Aleksandrovich et al. 2024). These authors also 
report a higher retention rate of students one year later. Other studies are less compelling, 
however: Similar engagement and learning gains were found when students used an AI- 
enhanced e-book compared to a standard e-book (Koć-Januchta et al. 2020), and where 
a natural language processing model was used to enhance learning and assessment in 
biology through an interactive video game, no assessment was given of its effectiveness 
(Hernández-Romero et al. 2023). AI has also been used by educators to evaluate 
engagement in active learning in science classrooms (Adeika, Abiodun, and Owolabi  
2024). Although yet to be fully tested, if effective, this would allow educators to undertake 
real-time assessments of teaching and student engagement.

Enhancing subject-specific knowledge and skills in biology
AI-driven tools can assist in teaching complex biological concepts and support scientific 
communication, by helping students simplify complex material or tasks (Agathokleous 
et al. 2023; Braet and Poger 2023; Rahioui 2024; Vaidya and Meenal 2024), acquire 
practical skills such as species identification (Al-Barazie, Mohamed, and Lin 2024; 
Hernawati, Muhamad Chaidir, and Meylani 2020; Hubbard 2024), or learn coding for 
statistical analysis or bioinformatics (Hoffman and Wright 2024; Orench-Rivera et al.  
2024). Rapid automated formative feedback has been shown to enhance student under
standing of biological concepts, leading to increases in performance of up to 20% 
(Aleksandrovich et al. 2024; Ariely, Nazaretsky, and Alexandron 2024) plus a 15% 
boost in knowledge retention (Aleksandrovich et al. 2024). Research using an AI- 
enhanced e-book in the US (M. M. Koć-Januchta et al. 2022) suggested that the AI- 
enhanced resource might lead to lower cognitive load and deep learning. However, in the 
absence of a control group, this study has some limitations.

Quantitative biology has had a tremendous impact on biological research, and Robeva, 
Jungck, and Gross (2020) emphasise the urgent need for a paradigm shift in under
graduate biology education to integrate data science. There are very few examples of this 
in the current literature, though the incorporation of AlphaFold2 into an undergraduate 
module significantly enhanced students’ understanding of protein structure prediction 
and their interest in bioinformatics (Boland and Ayres 2024). An interdisciplinary MSc 
bioinformatics module using virtual machines to teach core concepts was also popular 
with students (Johnston, Slater, and Cazier 2022). However, in both studies, lack of 
control groups and limited evaluation leaves many questions unanswered.

Agathokleous et al. (2023) used ChatGPT to generate 100 important questions facing 
biological research, noting the opportunities for students to explore these in tertiary 
biology courses, as well as the potential for GAI to improve students’ writing. Critical 
thinking and writing skills can be enhanced by AI-powered tutoring systems (Ghariz et al.  
2024; Steponenaite and Barakat 2023; Yang et al. 2024), while the use of GAI chatbots and 
virtual tutors are reported to lead to a 35% increase in student satisfaction and a 27% 
improvement in performance (Aleksandrovich et al. 2024). Al-Barazie, Mohamed, and Lin 
(2024) used GAI to produce case studies and quizzes helping students identify different 
pathogenic bacteria. Hubbard (2024) explicitly argues for integrating AI developments 
into the discipline and puts forward a competency-based model for plant biologists, testing 
what students can do rather than what they know – in part to avoid some of the escalating 
assessment issues (see Concerns About Ethics and Academic Integrity).
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Supporting inclusivity and student retention
An overview of AI in biology classrooms identifies inclusivity benefits arising from AI 
use, including assistive technologies such as text-to-speech and predictive text tools 
which can be used by all students as well as text-to-diagram tools which convert text to 
Braille for visually impaired students (Yoo 2024). LLMs can also provide translation 
support for non-native English speakers (Agathokleous et al. 2023) or offer real-world 
examples which make concepts more accessible across diverse student groups (Boateng 
et al. 2024; Einarsson, Lund, and Jónsdóttir 2024). In Einarsson’s study, abstract concepts 
from probability theory and statistics were reframed by ChatGPT for targeted groups 
(including biology undergraduates) and deemed to add value by experts in 72.9% of 
cases, though student responses were mixed. Rabelo et al. (2022) discuss the potential for 
Alexa to be used as a resource for students by linking to an online teaching resource. This 
approach offers considerable advantages for visually impaired students or learners who 
simply prefer to listen than read.

There are potentially wider system-level advantages of using AI to support inclusion 
and student retention – though these are not without risks. Machine learning can be used 
to identify factors influencing academic success in biology, providing data-driven 
insights into student retention and performance (Bertolini, Finch, and Nehm 2021,  
2023; Ding and Ishak 2022; Plumley et al. 2024). Models were trained on student 
engagement data from the course learning management system, success on previous 
assessments and a range of other metrics. While this approach can help identify students 
in need of assistance, it may also lead to labelling impacts or selection of students most 
likely to succeed at the expense of diversity. Some models incorporate demographic 
variables such as gender, ethnicity, financial aid and citizenship status, and it is easy to 
envisage how such datasets could be misused.

Challenges of using AI in biological education

Concerns about ethics and academic integrity

While lecturers recognise the potential benefits of AI in supporting biological education, 
concerns remain around accuracy, ethics, data privacy, academic dishonesty, and the 
need for clear pedagogical goals (Fontao 2024; Ghariz et al. 2024; Harper and McCall  
2024; Lee and Zhai 2024; Prunkl 2024; Safitra et al. 2024; Steponenaite and Barakat 2023; 
Titko et al. 2023; Zhang, Fu, and Liu 2022). Concerns have been raised about uncritically 
adapting pedagogy to incorporate AI (Agathokleous et al. 2023; Dao and Le 2023; Fan, 
Nazaret, and Azizi 2024; Fontao 2024; Lee and Zhai 2024; Zhang, Fu, and Liu 2022), and 
over the limited access to tools for some students (Oskotsky et al. 2022). The risk that 
using GAI tools can lead to replicating existing biases has been raised in the biological 
education literature as well as elsewhere, as have the risks to teaching quality if GAI tools 
are over-used, or used to automate tasks such as assessment that arguably should have 
human input (Agathokleous et al. 2023).

There remains an urgent need to reconsider assessment methods in the face of 
academic dishonesty, as GAI text becomes more sophisticated and harder to detect 
(Fontao 2024; Steponenaite and Barakat 2023). Several studies tested the accuracy of 
chatbots on biological questions and examinations, revealing the strengths and 

JOURNAL OF BIOLOGICAL EDUCATION 7



weaknesses of different LLMs (Crowther et al. 2023; Dao and Le 2023; Nguyen and 
Nguyen 2023). BingChat and Bard excel in factual recall and comprehension, while 
ChatGPT shows versatility but struggles with complex application tasks. Agathokleous 
et al. (2023) suggest that tutors concerned about AI-produced assignments should try 
to generate the same themselves in order to identify work which has been created with 
GAI, though this would most certainly not be a practical or effective approach! 
Steponenaite and Barakat (2023) created biology assessment answers in ChatGPT 
and found that although raw outputs were flagged by plagiarism detectors, use of 
a paraphrasing tool overcame this in most cases. These authors found that GAI 
detector tools did identify the answers as partially or fully GAI produced, even after 
rewriting; however, it’s worth noting that larger scale studies (outside biological 
education) have cast significant doubt on the reliability of such tools (see Weber- 
Wulff et al. 2023).

Nevertheless, while much of the focus in the literature is on the negative 
impacts of GAI on assessment, this technology has the potential to enhance 
education and to promote reliable and authentic assessments (Cotton et al.  
2025). Salinas-Navarro et al. (2024) emphasise the need to redesign active learning 
experiences, focusing on the integration of GAI with authentic assessment and 
experiential learning. They demonstrate that GAI tools can enhance the formula
tion, quality and relevance of Intended Learning Outcomes and can support 
activities across each stage of the experiential learning cycle.

Reduction in critical thinking if students over-use AI tools

Despite the positive findings of some studies on student comprehension and retention of 
knowledge, there have also been concerns about a decline in critical thinking and 
independent research skills if students become over-reliant on GAI (Agathokleous et al.  
2023; Fontao 2024; Lee and Zhai 2024). Fontao (2024) asked student teachers (including 
biologists) about potential advantages and disadvantages of AI for teaching, and 
a reduction in information searching and critical analysis skills amongst pupils was 
a major concern – though humanities students were more concerned by this than science 
students. Lee and Zhai (2024) also worked with student teachers in science disciplines who 
suggested using a range of sources specifically to counter potential disinformation coming 
from GAI tools. They recommend implementing structured classroom interactions (such 
as group discussions or student-led presentations) to reduce dependence upon GAI 
amongst pupils and note that a programme of digital literacy development for both 
students and teachers might be needed to make best use of the technology.

Need for professional development around AI for biology teachers

While many students exhibit high acceptance of AI-powered software (Henrich et al.  
2023) this is not echoed amongst educators (Nazaretsky, Cukurova, and Alexandron  
2022). Professional development for biology educators should prepare them to integrate 
AI into their teaching by increasing their confidence and competence (Adelana, 
Ayanwale, and Sanusi 2024; Cooke et al. 2020; Fong et al. 2022; Fontao 2024; Henze 
et al. 2022; Lee and Perret 2022; Lee and Zhai 2024; Titko et al. 2023; Tretter et al. 2023). 
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Examples of potential uses of AI which may be less familiar to teachers include neural 
network models which can predict the difficulty of teaching material, allowing for 
refinement by the lecturer (Phillips, Saleh, and Ozogul 2022). Given the speed of GAI 
developments, guidance on its use to generate (Al-Barazie, Mohamed, and Lin 2024), 
rephrase (Einarsson, Lund, and Jónsdóttir 2024), or fine-tune assessments (Crowther 
et al. 2023) would also be beneficial. Machine learning also has the potential to mark and 
provide feedback on students’ work, at least in low-stakes assessments. In higher educa
tion, a Natural Language Processing model achieved a high-level of agreement with 
human experts at marking biology questions (Ariely, Nazaretsky, and Alexandron 2023), 
and a predictive text analysis model trained on students’ biology essays, showed very 
good agreement with lecturers’ grades (Sripathi et al. 2023). Based on this, the authors 
released the Constructed Response Classifier tool as a free web-based resource to evaluate 
students’ responses to questions. At a wider level, Gibson et al. (2023) discuss the need for 
rethinking learning theory in the age of AI, arguing that increasing use of GAI in 
teaching, learning and assessment calls for a reconsideration of what it means to learn 
something. These authors draw on computational biology, complexity science and 
developmental psychology to model the roles of AI in promoting learning processes.

Detailed recommendations for biology teachers on professional development are 
beyond the scope of this review, but there are many useful resources. Within the UK, 
the underlying policy and guidance documents on GEN AI in education are provided by 
the Department for Education (2025), who also provide support materials. Further 
information and guidance on professional development can be found in recent publica
tions from EDUCAUSE (Robert and Muscanell 2023) and JISC (Webb 2024).

Use of specialised machine learning tools in biological education

Enhancing student engagement in biology

As with the use of AI generally, one major advantage of using AI-enhanced tools in 
biological education is their potential to enhance student engagement and foster 
a stronger connection with nature (e.g. Ayers 2024; Baumann, Groß, and Michelsen  
2023; Echeverria et al. 2021; Martins and Santos 2023). Platforms like iNaturalist 
encourage hands-on learning and a sense of environmental stewardship, making biology 
more interactive and accessible. Whilst iNaturalist was by far the most popular tool in 
biological education (Table 3), other tools produced similar results. ID-Logics was found 
to enhance engagement with species identification and biodiversity (Baumann, Groß, 
and Michelsen 2023), and students reported a higher level of enjoyment using this AI- 
tool than a similar paper-based ID tool (Finger, Groß, and Zabel 2022). Subsequent 
research (Finger, Groß, and Zabel 2022) found similar increased enjoyment and motiva
tion, but more so for male students than females, offering an interesting hint at potential 
gender differences which remain largely unexplored in the literature. Bio Sketchbook, an 
AI-assisted sketching tool, has also been explored in a preliminary study involving only 6 
children, which showed that the tool helped motivate children to observe and learn about 
different plants (Zhang et al. 2021).
iNaturalist is also promoted as a tool for enhancing student collaboration, motivation 
and engagement (e.g. Echeverria et al. 2021; Ickert-Bond and Kaden 2022). Unger 
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used it to engage undergraduates in aquatic ecology (Unger et al. 2021) and to teach 
about ethograms in animal behaviour (Unger 2023), in both cases stimulating student 
interest and enhancing engagement. In another study, 80% of teachers agreed that 
students collaborated more when the apps were implemented into classes and over 
71% agreed that there had been positive effects on students’ interest in lectures and in 
science (Schmidthaler et al. 2023). However, very few studies involve comparator 
groups, and when they do the results are somewhat less dramatic. For example, 
curiosity about the identification of insects increased by 39% and interest in ento
mology by 16% among biology students following an activity using iNaturalist, with 
far lower values (18% and 0%) recorded for students on more applied courses such as 
forestry and environmental science (Mech et al. 2022). Smith et al. (2021) report that 
exercises using Seek and iNaturalist increased students’ interest in nature and science, 
self-efficacy for environmental action, and for learning and doing science but overall, 
the only significant increase was interest in science. Similarly, Tillotson-Chavez and 
Weber (2024) found no significant increase in the likelihood of biology students 
continuing to use iNaturalist, although they would recommend it to others and 
agreed that accurate species identification was important. A systematic review of 
iNaturalist use in biology education emphasises its potential in allowing students to 
contribute to a community of researchers (Rode and Torkar 2023). Whilst most 
authors only considered local collaboration between students, opportunities for inter
national collaboration were noted in two cases (Hitchcock, Sullivan, and O’Donnell  
2021; Ickert-Bond and Kaden 2022).

Enhanced nature connection or environmental stewardship was another oft-cited 
benefit, for example, through overcoming biodiversity naivety or ‘plant blindness’ (e.g. 
Finger, Groß, and Zabel 2022; Niemiller, Mark, and Matthew 2021; Rode and Torkar  
2023; Tiago, Evaristo, and Pinto 2024). It is increasingly common for iNaturalist to be 
used in student citizen science projects (e.g. Forti 2023), or to support a ‘BioBlitz’ on 
university campus (e.g. Gass et al. 2021; Rokop et al. 2022). Where iNaturalist was used to 
support project-based learning in HE, 70% of students involved stated that the project 
increased their sense of nature connectedness and over 90% said that they would 
continue to use it (Forti 2023). Similarly, 82% of students involved in a campus bioblitz 
considered it a valuable hands-on learning experience, and most noted that their sense of 
environmental stewardship had increased (Gass et al. 2021). Qualitative comments 
suggest that learning outside the classroom, authentic learning, and an opportunity to 
see their local environment differently were key benefits. Over 60% of students in Rokop 
et al. (2022) found the activity very or extremely engaging, but just 30% said they were 
very or extremely likely to engage in citizen science in the future and only 34% felt 
strongly that the activity had provided important information. This variation might be 
explained by the level of experience of participants and their inherent biological interest. 
In another study, biology and geography researchers and students collected significantly 
more BioBlitz observations than did other cohorts (Tiago, Evaristo, and Pinto 2024). 
Nonetheless, there is evidence that the use of AI-powered apps can stimulate an interest 
in the natural world. Using Google Lens and Seek by iNaturalist to learn about nature had 
a stronger effect on nature connection than simply spending time in nature, at least 
amongst those participants with higher levels of engagement in the activity (Ng, Leung, 
and Chan 2023). Similarly, Potsikas et al. (2023) found that participation in a BioBlitz 
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using iNaturalist produced a statistically significant increase in students’ connectedness 
to nature scores (Mayer and Frantz 2004).

Enhancing subject-specific knowledge and skills in biology

The integration of AI tools in biological education may enhance scientific skills such as 
observation, data collection, and ecological analysis – although research evidence in this 
area is rather weak. Perceived improvements in understanding as a result of using 
iNaturalist have been reported, with one study showing that 53% of undergraduates 
felt it greatly increased their comprehension of ecological concepts, and 93% their 
numerical understanding of biodiversity (Forti 2023). Two other studies found self- 
reported increases in biodiversity knowledge among students following activities using 
iNaturalist (Gass et al. 2021); however, in neither of these studies was there a direct 
assessment of learning. Eden (2023) used iNaturalist as a tool for inquiry-based learning 
at school, encouraging students to identify local organisms and create a presentation to 
share their findings. The author suggests that this approach allows students to take 
ownership of a project and control their own learning – though no formal evaluation 
is cited. Other papers include evaluation but rarely have a comparator group. For 
example, using iNaturalist for an exercise on pollinator interactions (Tillotson-Chavez 
and Weber 2024) and on the rocky shore (Neves, Boaventura, and Galvão 2024) 
significantly increased results in post- versus pre-activity tests, but the lack of any 
point of comparison limits attempts to judge the effectiveness of the method itself. 
Similarly, a small study found that children were able to answer plant identification 
questions well after using BioSketchbook, but the lack of a control limits our interpreta
tion of this result (Zhang and Begum Aslan 2021).

Studies including more rigorous evaluation have found mixed results – students using 
the ID-Logics tool demonstrated increased competence at identification and enhanced 
data processing skills (Baumann, Groß, and Michelsen 2023). The tool allowed students 
to develop an identification key for any group of living organisms and led to improved 
communication, collaboration, information search and evaluation skills. The ID-Logics 
tool was also evaluated on a school field trip in Germany where researchers found that, 
although students enjoyed engaging with it, identification success was actually lower (and 
slower) than with a paper-based tool (Finger, Bergmann-Gering, and Groß 2022). 
However, the paper-based tool was specifically designed for this geographical environ
ment and thus had fewer options available; while useful scaffolding for learners, this may 
mean that the students’ learning is less transferable to other environments where the 
species distribution at the site is unknown. Linked to this is the finding that though 
motivation was increased using the ID-Logics tool, perceived competence was actually 
rated as lower when using the app (Finger, Groß, and Zabel 2022). Various studies using 
the PlantNet app (Coşkunserçe 2024; Iskrenovic-Momcilovic 2023) have shown increases 
in scores on tests conducted before and after an activity. Iskrenovic-Momcilovic (2023) 
demonstrated that a field-based approach using the PlantNet mobile app contributed to 
the higher test scores and better long-term retention of knowledge when compared to 
a classroom-based exercise with a digital herbarium and printed handbook. In another 
comparative test, two versions of an app designed for school children were used, 
a narrative-only variant and another including narrative, computer vision, and 
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augmented reality (Cheng et al. 2023). Both were found to be engaging and increased 
learning significantly using pre- and post-intervention tests, but interestingly the narra
tive-only app performed as well or better. We suggest, therefore, that increases in 
learning and engagement in some studies may be due to an effect of novelty or time on 
task, rather than to the use of an AI-powered app specifically.

Supporting inclusivity and student retention

Apps such as iNaturalist have proven useful in supporting asynchronous delivery of 
teaching for hard-to-reach rural students (Ickert-Bond and Kaden 2022), and for dis
tance learning more widely during the COVID-19 pandemic (Gerhart et al. 2021; 
Peregrym et al. 2022). Ayers (2024) reports the use of Universal Design for Learning 
principles to offer an inclusive interactive approach for Deaf and Hard of Hearing and 
English Language Learner students through integrating Seek by iNaturalist into science 
education, facilitating multi-modal nature-based sensory experiences. They argue that 
Seek enables student-centred learning in diverse classrooms and that it enhances inclu
sive and accessible learning, fostering engagement with the environment and promoting 
science literacy. It has also been suggested that iNaturalist can improve mental health 
among university students by facilitating access to campus green spaces and activities in 
natural environments (Waite 2024). Most studies used commercially available tools, but 
Rabelo et al. (2022) developed ForAlexa, which fine-tunes the interactions between the 
user and Amazon Alexa. They developed sets of evolutionary biology questions that 
Alexa could respond to verbally, but ForAlexa allows educators with some programming 
skill to develop apps for different subject areas. ForAlexa could also be used to support 
visually impaired students by providing an alternative to written material.

Challenges of using specialised machine learning tools in biological 
education

Fewer challenges arose from using these tools in biological education than from GAI. 
Mobile apps like iNaturalist were rapidly mastered by most students, producing high- 
quality data (Niemiller, Mark, and Matthew 2021; Stevenson, Merrill, and Burn 2021), 
and while some authors raised issues around accuracy and data quality (Bilyk et al. 2020; 
Hart et al. 2023; Mäder et al. 2021; Niemiller, Mark, and Matthew 2021; Schmidt et al.  
2022; Soroye et al. 2022), most studies mentioned few, if any concerns, over ethics and 
academic integrity. Baumann, Groß, and Michelsen (2023) identify technical issues as 
a concern for students developing an identification key, but this came up rarely in other 
papers where proprietary tools, often intended for citizen science projects, were con
sidered easy to use and not requiring high-level technical skills.

Where issues arose, these were generally mild – inadequate photos taken for 
upload on iNaturalist (Potsikas et al. 2023) or difficulties encountered by very 
young children who struggled to hold the iPad (Zhang et al. 2021). Occasionally, 
students needed additional assistance using the more demanding ‘ID-Logics’, which 
mimics a taxonomic key (Groß et al. 2020). Other concerns raised included inac
curacy of student submissions and copyright infringement if students uploaded 
photos to iNaturalist which were not their own (Niemiller, Mark, and Matthew  
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2021). The authors suggest that instructors remain vigilant and use examples of 
poor practice as ‘teachable moments’. However, overall, they describe extensive use 
of iNaturalist with students and encountered few problems. In a survey of school 
teachers, most respondents were generally positive about the use of AI tools, though 
some raised concerns about a lack of devices, poor internet connectivity, uncer
tainty over links with the curriculum or the scientific accuracy of information 
(Schmidthaler et al. 2023). Concerns have been raised that apps like Seek do not 
encourage the students to engage with the organisms except via the lens of their 
phone. This limited sensory modality may mean that they fail to appreciate smell or 
touch and perhaps the wider environment organisms inhabit (Cederqvist and 
Thorén Williams 2023).

As noted earlier, one challenge identified by Rode and Torkar (2023) and Waisome 
et al. (2023) is insufficient preparation of teachers. However, others suggest that there is 
no need for professional development as these tools are generally intended to be used 
with minimal instruction. Indeed, some studies reported that teachers found the AI- 
powered tools engaging (Canuto 2023; Waisome et al. 2023) and that they helped 
improve their own understanding (Cederqvist and Thorén Williams 2023). Waisome 
et al. (2023) even went as far as using Shark AI to train student teachers about the 
fundamentals of AI and the importance of curriculum design for technology implemen
tation, rather than about biology per se.

Gaps in the literature around AI in biological education

One of the limitations of the biological education literature is the dearth of large-scale 
studies. Much of the literature outlined above is based on individual case studies with 
varied levels and quality of evaluation. National or international surveys collating 
examples of AI use in biological education would offer a wider view of the field, or 
indeed a Delphi study using experts in biological education to identify key issues. As in 
much of the education literature – and made particularly severe owing to the recency of 
technological developments – longitudinal studies in biological education are lacking. 
While some research demonstrates the effectiveness of AI tools in enhancing engagement 
and performance, there is limited research on the long-term impact of AI-driven 
approaches on student retention, comprehension, and career outcomes in biology. 
More longitudinal studies are needed to assess sustained learning benefits and potential 
drawbacks over time (see Holmes, Bialik, and Fadel 2019). Concerns about the influence 
of GAI on critical thinking, creativity, and potential overreliance by students also need 
further investigation, including research which explores strategies to integrate AI in ways 
that foster skills rather than replace them. Studies have investigated student engagement 
but rarely address student perceptions of AI tools in biological education, including 
factors influencing their readiness to use AI (Zawacki-Richter et al. 2019). Research on 
how students view the role of AI in their education and career preparation could inform 
the design and delivery of AI-enhanced biology programmes.

Most papers focused on the implementation of AI tools in classroom or lab-based 
settings. More research is needed to explore the potential of AI in fieldwork, such as 
environmental monitoring, biodiversity studies, and ecological modelling. There is also 
relatively little research which explores assessment issues beyond the academic integrity 
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realm. Authentic assessment using GAI tools is rarely mentioned by authors in this 
review, despite considerable interest in the wider education literature. Although many of 
the papers touched on ethical concerns relating to academic dishonesty and data privacy, 
there was little in the way of detailed evidence or advice. There is a need for compre
hensive, field-specific ethical frameworks and guidelines for integrating AI in biology 
education. These should address unique issues in biology, such as the handling of 
sensitive data in bioinformatics or the ethical use of AI in ecological and environmental 
education (Holmes and Porayska-Pomsta 2022; Holmes et al. 2021). In a similar vein, 
although addressed in some papers (Niemiller, Mark, and Matthew 2021; Stevenson, 
Merrill, and Burn 2021), disparities in access to AI tools and resources may impact 
students from particular socio-economic backgrounds (Schmidthaler et al. 2023). 
Further research is needed to ensure equitable access to AI-driven educational opportu
nities across all student demographics.

The integration of AI into biological education is not without a degree of irony. One 
example is the use of AI-driven platforms such as iNaturalist and Merlin, which employ 
complex computational processes to foster nature connection. These systems can 
enhance learning and engagement, yet they do so through layers of technological 
mediation that may distance the learner from direct sensory engagement with nature. 
Moreover, Biology as a discipline emphasises sustainability, ecological balance, and 
a deep understanding of environmental impacts, including climate change. But both 
the training (Strubell, Ganesh, and McCallum 2020) and driving (Luccioni, Jernite, and 
Strubell 2024) of artificial intelligence models demand a huge amount of energy, much of 
which comes from non-renewable sources. There are significant questions about whether 
these core values are in conflict with the use of AI systems that contribute to carbon 
emissions (Wang, Li, and Li 2024), yet this was an area that was almost completely absent 
in the literature reviewed here. There is potential for future research to explore the ways 
in which biology teachers and lecturers balance these ethical and conceptual contra
dictions and grapple with the tensions between potential benefits for students through 
using AI tools versus environmental damage cause by their use. Further research could 
usefully be undertaken which attempts to quantify the carbon footprint of AI in biolo
gical education, identify possible mitigations and assess the availability of alternative 
tools with lower carbon footprint.

Conclusion and recommendations

This review illustrates the breadth of activities in biological education which are being 
supported by AI and identifies some of the key benefits and challenges with its use. 
Benefits include enhanced student engagement, accessibility and personalised learning; 
challenges include academic integrity, ethical and copyright issues, and sustainability 
concerns. There is comparatively little literature which is specific to biological education, 
and many of the issues which arise in this review echo those identified in other disciplines 
(Eysenbach 2023; Sallam 2023). Unlike many previous reviews, we look beyond the use of 
large language models to consider uses of AI in biological education contexts such as 
fieldwork. AI tools like iNaturalist, adaptive learning systems, and generative AI have 
demonstrated the potential to make biology education more interactive and accessible. 
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These tools can support diverse learning needs, improve scientific literacy, and foster 
environmental stewardship.

However, evaluation of GAI and AI tools in biological education contexts is 
relatively under-developed – with many papers reviewed here discussing the use of 
such technologies, but with little formal evaluation as to their effectiveness. This 
greatly hinders the interpretation of research, as many studies lack explicit ques
tions, fail to identify the core competencies they wish to assess or enhance, and rely 
on anecdotal or perception-based results. In the context of biology education 
research on AI, a design-based research approach as advocated by Scott, 
Wenderoth, and Doherty (2020) may be helpful. Design-based research is grounded 
in theories of learning but was developed from methodologies employed by engi
neers to test products designed for specific purposes. It has been used successfully 
in a study on the technological resources used in a blended learning environment in 
ornithology (Vera-Morales, Jaime, and Andrea 2021), but not yet to study AI within 
biological education.

In addition to the educational benefits identified in this review (increased engagement, 
learning and inclusivity), there is mounting evidence that AI will impact the working 
lives of young people in significant ways, and educators need to help students prepare for 
their future professional lives. As GAI becomes more ubiquitous, increasingly embedded 
into search engines and word processing software, the balance of arguments in the debate 
about its use in educational contexts is shifting. Students need to know how to use AI for 
positive purposes such as enhancing species identification, reviewing large data sets, 
image analysis and statistical support, and educators should assume that GAI will be used 
in assessments unless conducted face to face. However, many biology educators lack the 
training needed to incorporate AI tools effectively into their teaching, and UK institu
tions have not radically changed their approach to assessments (Freeman 2024). This 
highlights the need for professional development and much clearer guidance and gov
ernance around AI and academic integrity. Freeman (2024) found that only 22% of 
undergraduates were satisfied with the support they had received on AI and that 
universities needed to develop clear policies on acceptable and unacceptable uses of AI. 
This requires national leadership, building on the work started by the Russell Group 
(2024), the Royal Society (2023) and the Quality Assurance Agency for Higher Education 
(2023a; 2023b).

It is becoming increasingly clear that the Biology curriculum needs updating to 
include AI competencies and to equip students with relevant skills that meet the 
challenges of modern biological research and graduate employment contexts (Chen 
et al. 2024; Cooke et al. 2020; Hubbard 2024; Kumar 2021; Kumar et al. 2023; Patel, 
Pillai, and Toby 2023; Safitra et al. 2024; Sandfort et al. 2024; Shin et al. 2024). 
Students must understand how to check the authenticity and accuracy of GAI output 
(including checking for biases in the output), and they need to take responsibility for 
ethical use of AI. GAI is a technological leap, and it is forcing us to reflect on how we 
teach and assess (Cotton et al. 2025). As well as integrating AI into teaching, 
assessment methods must be revised to ensure academic integrity and evaluate 
higher-order skills, such as critical thinking and creativity. The widespread use of 
GAI raises issues of navigating misinformation, academic dishonesty and data priv
acy. Students and teachers alike must develop digital literacy to mitigate these risks. 
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And educators should be asking themselves: What does it mean to be a biologist in 
the age of AI?

Note

1. Note that these descriptions come from the developers and the claims made about the 
comprehensiveness or accuracy of their products have not been verified.

Acknowledgments

We are grateful to two anonymous referees for their constructive comments on an earlier version 
of this manuscript.

Disclosure statement

No potential conflict of interest was reported by the author(s).

ORCID

Peter A. Cotton http://orcid.org/0000-0002-4830-0868
Debby R. E. Cotton http://orcid.org/0000-0001-7675-8211

References

Abudayyeh, O. O., and J. S. Gootenberg. 2024. “Programmable Biology Through Artificial 
Intelligence: From Nucleic Acids to Proteins to Cells.” Nature Methods 21 (8): 1384–1386.  
https://doi.org/10.1038/s41592-024-02338-y  .

Adeika, B. I., P. O. Abiodun, and O. A. Owolabi. 2024. “Transforming Pedagogical Assessment: AI 
and Computer Vision-Enhanced Classroom Observations for Experiment-Centric Learning 
Environments.” 2024 ASEE Annual Conference & Exposition. https://doi.org/10.18260/1-2– 
48175  .

Adelana, O. P., M. A. Ayanwale, and I. T. Sanusi. 2024. “Exploring Pre-Service Biology Teachers’ 
Intention to Teach Genetics Using an AI Intelligent Tutoring-Based System.” Cogent Education 
11 (1): 2310976. https://doi.org/10.1080/2331186x.2024.2310976  .

Agathokleous, E., C. J. Saitanis, C. Fang, and Z. Yu. 2023. “Use of ChatGPT: What Does It Mean 
for Biology and Environmental Science?” Science of the Total Environment 888:164154. https:// 
doi.org/10.1016/j.scitotenv.2023.164154  .

Al-Barazie, R., A. Mohamed, and F. Lin. 2024. “Exploring the Role of Generative AI in Medical 
Microbiology Education: Enhancing Bacterial Identification Skills in Laboratory Students.” 
Communications in Computer and Information Science 128–144. https://doi.org/10.1007/978- 
3-031-65996-6_11  .

Aleksandrovich, S. I., T. Ramazan, R. Utegaliyeva, B. Sarimbayeva, G. Keubassova, R. Bissalyyeva, 
K. Syman, and G. Abdikarimova. 2024. “Transformative Applications in Biology Education: 
A Case Study on the Efficacy of Adaptive Learning with Numerical Insights.” Caspian Journal of 
Environmental Sciences 22 (2): 395–408. https://doi.org/10.22124/CJES.2024.7731  .

Ariely, M., T. Nazaretsky, and G. Alexandron. 2023. “Machine Learning and Hebrew NLP for 
Automated Assessment of Open-Ended Questions in Biology.” International Journal of 
Artificial Intelligence in Education 33 (1): 1–34. https://doi.org/10.1007/s40593-021-00283-x  .

16 P. A. COTTON AND D. R. E. COTTON

https://doi.org/10.1038/s41592-024-02338-y
https://doi.org/10.1038/s41592-024-02338-y
https://doi.org/10.18260/1-2-48175
https://doi.org/10.18260/1-2-48175
https://doi.org/10.1080/2331186x.2024.2310976
https://doi.org/10.1016/j.scitotenv.2023.164154
https://doi.org/10.1016/j.scitotenv.2023.164154
https://doi.org/10.1007/978-3-031-65996-6_11
https://doi.org/10.1007/978-3-031-65996-6_11
https://doi.org/10.22124/CJES.2024.7731
https://doi.org/10.1007/s40593-021-00283-x


Ariely, M., T. Nazaretsky, and G. Alexandron. 2024. “Causal‐Mechanical Explanations in Biology: 
Applying Automated Assessment for Personalized Learning in the Science Classroom.” Journal 
of Research in Science Teaching 61 (8): 1858–1889. https://doi.org/10.1002/tea.21929  .

Ayers, E. 2024. “Walking in an Environmental Scientist’s Footprints: 4E Cognition Through the 
Seek by iNaturalist Citizen Science Application.” Journal of College Science Teaching 53 (4): 
382–389. https://doi.org/10.1080/0047231x.2024.2363121  .

Baidoo-Anu, D., and L. Owusu Ansah. 2023. “Education in the Era of Generative Artificial 
Intelligence (AI): Understanding the Potential Benefits of ChatGPT in Promoting Teaching 
and Learning.” Journal of AI 7 (1): 52–62. https://doi.org/10.61969/jai.1337500  .

Baumann, B., J. Groß, and M. Michelsen. 2023. “An App by Students for Students – the DPaCk- 
Model for a Digital Collaborative Teamwork Project to Identify Butterflies.” Frontiers in 
Education 8:1190462. https://doi.org/10.3389/feduc.2023.1190462  .

Bender, E. M., T. Gebru, A. McMillan-Major, and S. Shmitchell. 2021. “On the Dangers of 
Stochastic Parrots: Can Language Models Be Too Big?” Proceedings of the 2021 ACM 
Conference on Fairness, Accountability, and Transparency 610–623. https://doi.org/10.1145/ 
3442188.3445922  .

Bertolini, R., S. J. Finch, and R. H. Nehm. 2021. “Testing the Impact of Novel Assessment Sources 
and Machine Learning Methods on Predictive Outcome Modeling in Undergraduate Biology.” 
Journal of Science Education and Technology 30 (2): 193–209. https://doi.org/10.1007/s10956- 
020-09888-8  .

Bertolini, R., S. J. Finch, and R. H. Nehm. 2023. “An Application of Bayesian Inference to Examine 
Student Retention and Attrition in the STEM Classroom.” Frontiers in Education 8. https://doi. 
org/10.3389/feduc.2023.1073829  .

Bilyk, Z. I., Y. B. Shapovalov, V. B. Shapovalov, A. P. Megalinska, F. Andruszkiewicz, and 
A. Dołhańczuk-Śródka. 2020. “Assessment of Mobile Phone Applications Feasibility on Plant 
Recognition: Comparison with Google Lens AR-App.” CEUR Workshop Proceedings 
27831:61–78. https://doi.org/10.31812/123456789/4403  .

Boateng, G., J. Abrefah Mensah, K. Takyi Yeboah, W. Edor, A. Kojo Mensah-Onumah, N. Dasana 
Ibrahim, and N. Sam Yeboah. 2024. “Brilla AI: AI Contestant for the National Science and 
Maths Quiz.” Paper Presented at the International Conference on Artificial Intelligence in 
Education. https://doi.org/10.1007/978-3-031-64315-6_17  .

Boland, D. J., and N. M. Ayres. 2024. “Cracking AlphaFold2: Leveraging the Power of Artificial 
Intelligence in Undergraduate Biochemistry Curriculums.” PLOS Computational Biology 20 (6): 
e1012123. https://doi.org/10.1371/journal.pcbi.1012123  .

Braet, F., and D. Poger. 2023. “Let’s Have a Chat About Chatbot(s) in (Biological) Microscopy.” 
Journal of Microscopy 292 (2): 59–63. https://doi.org/10.1111/jmi.13230  .

Callaway, E. 2024. “Chemistry Nobel Goes to Developers of AlphaFold AI That Predicts Protein 
Structures.” Nature 634 (8034): 525–526. https://doi.org/10.1038/d41586-024-03214-7  .

Canuto, P. P. 2023. “Perceptions of Primary Pre-Service Teachers in the Utilization of Plant 
Identification Apps as Educational Tools.” Journal of Baltic Science Education 22 (5): 
799–812. https://doi.org/10.33225/jbse/23.22.799  .

Cederqvist, A.-M., and A. Thorén Williams. 2023. “An Exploratory Case Study on Student 
Teachers’ Experiences of Using the AR App Seek by iNaturalist When Learning About 
Plants.” Lecture Notes in Computer Science 33–52. https://doi.org/10.1007/978-3-031-34550- 
0_3  .

Chen, L., P. Chen, and Z. Lin. 2020. “Artificial Intelligence in Education: A Review.” IEEE Access 
8:75264–75278. https://doi.org/10.1109/access.2020.2988510  .

Chen, L., Q. Li, K. F. A. Nasif, Y. Xie, B. Deng, S. Niu, S. Pouriyeh, Z. Dai, J. Chen, and C. Y. Xie. 
2024. “AI-Driven Deep Learning Techniques in Protein Structure Prediction.” International 
Journal of Molecular Sciences 25 (15): 8426. https://doi.org/10.3390/ijms25158426  .

Cheng, A. Y., J. Ritchie, N. Agrawal, E. Childs, C. DeVeaux, Y. Jee, T. Leon, B. Maples, A. Cuadra, 
and J. A. Landay. 2023. “Designing Immersive, Narrative-Based Interfaces to Guide Outdoor 
Learning.” Proceedings of the 2023 CHI Conference on Human Factors in Computing Systems 
1–22. https://doi.org/10.1145/3544548.3581365  .

JOURNAL OF BIOLOGICAL EDUCATION 17

https://doi.org/10.1002/tea.21929
https://doi.org/10.1080/0047231x.2024.2363121
https://doi.org/10.61969/jai.1337500
https://doi.org/10.3389/feduc.2023.1190462
https://doi.org/10.1145/3442188.3445922
https://doi.org/10.1145/3442188.3445922
https://doi.org/10.1007/s10956-020-09888-8
https://doi.org/10.1007/s10956-020-09888-8
https://doi.org/10.3389/feduc.2023.1073829
https://doi.org/10.3389/feduc.2023.1073829
https://doi.org/10.31812/123456789/4403
https://doi.org/10.1007/978-3-031-64315-6_17
https://doi.org/10.1371/journal.pcbi.1012123
https://doi.org/10.1111/jmi.13230
https://doi.org/10.1038/d41586-024-03214-7
https://doi.org/10.33225/jbse/23.22.799
https://doi.org/10.1007/978-3-031-34550-0_3
https://doi.org/10.1007/978-3-031-34550-0_3
https://doi.org/10.1109/access.2020.2988510
https://doi.org/10.3390/ijms25158426
https://doi.org/10.1145/3544548.3581365


Cooke, J., Y. Araya, K. L. Bacon, J. M. Bagniewska, L. C. Batty, T. R. Bishop, M. Burns, et al. 2020. 
“Teaching and Learning in Ecology: A Horizon Scan of Emerging Challenges and Solutions.” 
Oikos 130 (1): 15–28. https://doi.org/10.1111/oik.07847  .

Coşkunserçe, O. 2024. “Use of a Mobile Plant Identification Application and the Out-of-School 
Learning Method in Biodiversity Education.” Ecology and Evolution 14 (4): e10957. https://doi. 
org/10.1002/ece3.10957  .

Cotton, D. R. E., P. A. Cotton, and J. R. Shipway. 2023. “Chatting and Cheating: Ensuring 
Academic Integrity in the Era of ChatGPT.” Innovations in Education and Teaching 
International 1–12. https://doi.org/10.1080/14703297.2023.2190148  .

Cotton, D. R. E., W. Lynne, J. Ben, and P.A. Cotton. 2025. “Redefining Assessments in the Age of 
AI.” In Teaching and Learning in the Age of Generative AI: Evidence-Based Approaches to 
Pedagogy, Ethics, and Beyond, edited by, J. R. Corbeil and M. E. Corbeil, 283-308. Routledge.  
https://doi.org/10.4324/9781032688602  .

Crompton, H., and D. Burke. 2023. “Artificial Intelligence in Higher Education: The State of the 
Field.” International Journal of Educational Technology in Higher Education 20 (1): 22. https:// 
doi.org/10.1186/s41239-023-00392-8  .

Crowther, G. J., U. Sankar, L. S. Knight, D. L. Myers, K. T. Patton, L. D. Jenkins, and T. A. Knight. 
2023. “Chatbot Responses Suggest That Hypothetical Biology Questions Are Harder Than 
Realistic Ones.” Journal of Microbiology & Biology Education 24:e00153–23. https://doi.org/ 
10.1128/jmbe.00153-23  .

Dao, X.-Q., and N.-B. Le. 2023. “LLMs Performance on Vietnamese High School Biology 
Examination.” International Journal of Modern Education and Computer Science 15 (6): 
14–30. https://doi.org/10.5815/ijmecs.2023.06.02  .

Department for Education. 2025. Generative Artificial Intelligence (AI) in Education. Department 
for Education, UK Government.

Ding, F., and N. A. Ishak. 2022. “Research on the Optimization of Biological Education Model in 
the Environment of Artificial Intelligence.” International Journal of Intelligent Systems and 
Applications in Engineering 10:76–80. https://ijisae.org/index.php/IJISAE/article/view/2365 .

Echeverria, A., I. Ariz, J. Moreno, J. Peralta, and E. M. Gonzalez. 2021. “Learning Plant Biodiversity 
in Nature: The Use of the Citizen–Science Platform iNaturalist as a Collaborative Tool in 
Secondary Education.” Sustainability 13 (2): 735. https://doi.org/10.3390/su13020735  .

Eden, A. 2023. “Ecosystem Explorers.” The American Biology Teacher 85 (4): 216–221. https://doi. 
org/10.1525/abt.2023.85.4.216  .

Einarsson, H., S. H. Lund, and A. H. Jónsdóttir. 2024. “Application of ChatGPT for Automated 
Problem Reframing Across Academic Domains.” Computers and Education: Artificial 
Intelligence 6:100194. https://doi.org/10.1016/j.caeai.2023.100194  .

Eysenbach, G. 2023. “The Role of ChatGPT, Generative Language Models, and Artificial 
Intelligence in Medical Education: A Conversation with ChatGPT and a Call for Papers.” 
JMIR Medical Education 9:e46885. https://doi.org/10.2196/46885  .

Fan, J. L., A. Nazaret, and E. Azizi. 2024. “A Thousand and One Tumors: The Promise of AI for 
Cancer Biology.” Nature Methods 21 (8): 1403–1406. https://doi.org/10.1038/s41592-024- 
02364-w  .

Fereday, J., and E. Muir-Cochrane. 2006. “Demonstrating Rigor Using Thematic Analysis: 
A Hybrid Approach of Inductive and Deductive Coding and Theme Development.” 
International Journal of Qualitative Methods 5 (1): 80–92. https://doi.org/10.1177/ 
160940690600500107  .

Finger, A., A. Bergmann-Gering, and J. Groß. 2022. “The Medium Matters! The Effect of a Mobile 
Digital Identification Tool on Students’ Intrinsic Motivation During Plant Identification.” 
Journal of Biological Education 1–23. https://doi.org/10.1080/00219266.2022.2147204  .

Finger, A., J. Groß, and J. Zabel. 2022. “Plant Identification in the 21st Century—What Possibilities 
Do Modern Identification Keys Offer for Biology Lessons?” Education Sciences 12:849. https:// 
doi.org/10.3390/educsci12120849  .

Fong, A. C., A. K. Gupta, S. M. Carr, S. Bhattacharjee, and M. Harnar. 2022. “A Balanced 
Pedagogical Approach Toward AI Readiness Education for STEM Learners.” Proceedings of 

18 P. A. COTTON AND D. R. E. COTTON

https://doi.org/10.1111/oik.07847
https://doi.org/10.1002/ece3.10957
https://doi.org/10.1002/ece3.10957
https://doi.org/10.1080/14703297.2023.2190148
https://doi.org/10.4324/9781032688602
https://doi.org/10.4324/9781032688602
https://doi.org/10.1186/s41239-023-00392-8
https://doi.org/10.1186/s41239-023-00392-8
https://doi.org/10.1128/jmbe.00153-23
https://doi.org/10.1128/jmbe.00153-23
https://doi.org/10.5815/ijmecs.2023.06.02
https://ijisae.org/index.php/IJISAE/article/view/2365
https://doi.org/10.3390/su13020735
https://doi.org/10.1525/abt.2023.85.4.216
https://doi.org/10.1525/abt.2023.85.4.216
https://doi.org/10.1016/j.caeai.2023.100194
https://doi.org/10.2196/46885
https://doi.org/10.1038/s41592-024-02364-w
https://doi.org/10.1038/s41592-024-02364-w
https://doi.org/10.1177/160940690600500107
https://doi.org/10.1177/160940690600500107
https://doi.org/10.1080/00219266.2022.2147204
https://doi.org/10.3390/educsci12120849
https://doi.org/10.3390/educsci12120849


the 2022 6th International Conference on Education and e-Learning 260–266. https://doi.org/10. 
1145/3578837.3578875  .

Fontao, C. B. 2024. “ChatGPT’s Role in the Education System: Insights from the Future Secondary 
Teachers.” International Journal of Information and Education Technology 14 (8): 1035–1043.  
https://doi.org/10.18178/ijiet.2024.14.8.2131  .

Forti, L. R. 2023. “Students as Citizen Scientists: Project-Based Learning Through the iNaturalist 
Platform Could Provide Useful Biodiversity Data.” Biodiversity 24 (1–2): 76–78. https://doi.org/ 
10.1080/14888386.2023.2174595  .

Freeman, J. 2024. “Provide or Punish? Students’ Views on Generative AI in Higher Education.” In 
HEPI Policy Note. Vol. 51. Oxford: Higher Education Policy Institute.

Gass, S., A. Mui, P. Manning, H. Cray, and L. Gibson. 2021. “Exploring the Value of a BioBlitz as 
a Biodiversity Education Tool in a Post-Secondary Environment.” Environmental Education 
Research 27 (10): 1538–1556. https://doi.org/10.1080/13504622.2021.1960953  .

Gerhart, L. M., C. C. Jadallah, S. S. Angulo, and G. C. Ira. 2021. “Teaching an Experiential Field 
Course via Online Participatory Science Projects: A COVID-19 Case Study of a UC California 
Naturalist Course.” Ecology and Evolution 11 (8): 3537–3550. https://doi.org/10.1002/ece3.7187  .

Ghariz, G., H. Seghir, N. Boucetta, S. Boubih, R. Janati-Idrissi, and M. El Alaoui. 2024. “The 
Impact of Artificial Intelligence on Improving Text in the Process of Conceptualization in 
Biology: Case of Education Sector.” Journal of Theoretical and Applied Information Technology 
102: 5203–5214.

Gibson, D., V. Kovanovic, D. Ifenthaler, S. Dexter, and S. Feng. 2023. “Learning Theories for 
Artificial Intelligence Promoting Learning Processes.” British Journal of Educational Technology 
54 (5): 1125–1146. https://doi.org/10.1111/bjet.13341  .

Goodwin, N. L., J. J. Choong, S. Hwang, K. Pitts, L. Bloom, A. Islam, Y. Y. Zhang, et al. 2024. 
“Simple Behavioral Analysis (SimBA) as a Platform for Explainable Machine Learning in 
Behavioral Neuroscience.” Nature Neuroscience 27 (7): 1411–1424. https://doi.org/10.1038/ 
s41593-024-01649-9  .

Groß, J., J. Langstein, J. Paul, and E. Ritter. 2020. “Identification of Ants - Development of the 
Learner-Oriented Digital Tool ID-Logics.” World Journal of Chemical Education 8 (1): 21–28.  
https://doi.org/10.12691/wjce-8-1-3  .

Han, B. A., K. R. Varshney, S. LaDeau, A. Subramaniam, K. C. Weathers, and J. Zwart. 2023. 
“A Synergistic Future for AI and Ecology.” Proceedings of the National Academy of Sciences of 
the United States of America (PNAS) 120 (38): e2220283120. https://doi.org/10.1073/pnas. 
2220283120  .

Harper, M., and C. McCall. 2024. “Faculty Perspectives on Undergraduate Use of Generative 
Artificial Intelligence (GAI) Assistance: A Work-in-Progress.” 2024 ASEE Annual Conference & 
Exposition 42733. https://doi.org/10.18260/1-2–47459  .

Hart, A. G., H. Bosley, C. Hooper, J. Perry, J. Sellors‐Moore, O. Moore, and A. E. Goodenough. 
2023. “Assessing the Accuracy of Free Automated Plant Identification Applications.” People and 
Nature 5 (3): 929–937. https://doi.org/10.1002/pan3.10460  .

Henrich, M., S. Formella-Zimmermann, J. Gübert, and P. W. Dierkes. 2023. “Students’ 
Technology Acceptance of Computer-Based Applications for Analyzing Animal Behavior in 
an Out-of-School Lab.” Frontiers in Education 8:1216318. https://doi.org/10.3389/feduc.2023. 
1216318  .

Henze, J., C. Schatz, S. Malik, and A. Bresges. 2022. “How Might We Raise Interest in Robotics, 
Coding, Artificial Intelligence, STEAM and Sustainable Development in University and 
On-the-Job Teacher Training?” Frontiers in Education 7:872637. https://doi.org/10.3389/ 
feduc.2022.872637  .

Hernández-Romero, D. L., E. Tzitzihua García, P. Arguijo, and R. Angel Melendez-Armenta. 2023. 
“Gamification With Natural Language Processing for Educational Videogame Modeling.” 2023 
IEEE International Conference on Engineering Veracruz 1–6. https://doi.org/10.1109/icev59168. 
2023.10329685  .

JOURNAL OF BIOLOGICAL EDUCATION 19

https://doi.org/10.1145/3578837.3578875
https://doi.org/10.1145/3578837.3578875
https://doi.org/10.18178/ijiet.2024.14.8.2131
https://doi.org/10.18178/ijiet.2024.14.8.2131
https://doi.org/10.1080/14888386.2023.2174595
https://doi.org/10.1080/14888386.2023.2174595
https://doi.org/10.1080/13504622.2021.1960953
https://doi.org/10.1002/ece3.7187
https://doi.org/10.1111/bjet.13341
https://doi.org/10.1038/s41593-024-01649-9
https://doi.org/10.1038/s41593-024-01649-9
https://doi.org/10.12691/wjce-8-1-3
https://doi.org/10.12691/wjce-8-1-3
https://doi.org/10.1073/pnas.2220283120
https://doi.org/10.1073/pnas.2220283120
https://doi.org/10.18260/1-2-47459
https://doi.org/10.1002/pan3.10460
https://doi.org/10.3389/feduc.2023.1216318
https://doi.org/10.3389/feduc.2023.1216318
https://doi.org/10.3389/feduc.2022.872637
https://doi.org/10.3389/feduc.2022.872637
https://doi.org/10.1109/icev59168.2023.10329685
https://doi.org/10.1109/icev59168.2023.10329685


Hernawati, D., D. Muhamad Chaidir, and V. Meylani. 2020. “The Use of iNaturalist on Learning 
Courses of Zoology Vertebrates for Prospective Biology Teachers.” Journal of Physics: 
Conference Series 1440 (1): 012064. https://doi.org/10.1088/1742-6596/1440/1/012064  .

Hitchcock, C., J. Sullivan, and K. O’Donnell. 2021. “Cultivating Bioliteracy, Biodiscovery, Data 
Literacy, and Ecological Monitoring in Undergraduate Courses with iNaturalist.” Citizen 
Science: Theory and Practice 6 (1): 26. https://doi.org/10.5334/cstp.439  .

Hoffman, A. M., and C. Wright. 2024. “Ten Simple Rules for Teaching an Introduction to R.” 
PLOS Computational Biology 20 (5): e1012018. https://doi.org/10.1371/journal.pcbi.1012018  .

Holmes, W., M. Bialik, and C. Fadel. 2019. Artificial Intelligence in Education: Promises and 
Implications for Teaching and Learning. Boston, MA: The Center for Curriculum Redesign.

Holmes, W., and K. Porayska-Pomsta. 2022. The Ethics of Artificial Intelligence in Education. NY: 
Routledge.

Holmes, W., K. Porayska-Pomsta, K. Holstein, E. Sutherland, T. Baker, S. Buckingham Shum, 
O. C. Santos, et al. 2021. “Ethics of AI in Education: Towards a Community-Wide Framework.” 
International Journal of Artificial Intelligence in Education 32 (3): 504–526. https://doi.org/10. 
1007/s40593-021-00239-1  .

Hubbard, K. 2024. “Plant Biology Education: A Competency‐Based Vision for the Future.” Plants, 
People, Planet 6 (4): 780–790. https://doi.org/10.1002/ppp3.10503  .

Hwang, G.-J., and Y.-F. Tu. 2021. “Roles and Research Trends of Artificial Intelligence in 
Mathematics Education: A Bibliometric Mapping Analysis and Systematic Review.” 
Mathematics 9 (6): 584. https://doi.org/10.3390/math9060584  .

Ickert-Bond, S. M., and U. Kaden. 2022. “North to the Future: A New Asynchronous Delivery of 
the Classic “Flora Class” at the University of Alaska Fairbanks.” Journal of the Botanical 
Research Institute of Texas 16 (1): 343–356. https://doi.org/10.17348/jbrit.v16.i1.1237  .

Iskrenovic-Momcilovic, O. 2023. “Contribution of Using Mobile Application on Botanical 
Fieldwork in Primary School.” Interactive Learning Environments 31 (2): 1186–1198. https:// 
doi.org/10.1080/10494820.2020.1826531  .

Johnston, I. G., M. Slater, and J.-B. Cazier. 2022. “Interdisciplinary and Transferable Concepts in 
Bioinformatics Education: Observations and Approaches from a UK MSc Course.” Frontiers in 
Education 7:826951. https://doi.org/10.3389/feduc.2022.826951  .

Koć-Januchta, M. M., K. J. Schönborn, C. Roehrig, V. K. Chaudhri, L. A. E. Tibell, and H. 
C. Heller. 2022. ““Connecting Concepts Helps Put Main Ideas Together”: Cognitive Load and 
Usability in Learning Biology with an AI-Enriched Textbook.” International Journal of 
Educational Technology in Higher Education 19 (1): 11. https://doi.org/10.1186/s41239-021- 
00317-3  .

Koć-Januchta, M. M., K. J. Schönborn, L. A. E. Tibell, V. K. Chaudhri and H. C. Heller. 2020. 
“Engaging with Biology by Asking Questions: Investigating Students’ Interaction and Learning 
with an Artificial Intelligence-Enriched Textbook.” Journal of Educational Computing Research 
58 (6): 1190–1224. https://doi.org/10.1177/0735633120921581  .

Koetsier, J. 2023. “GPT-4 Beats 90% of Lawyers Trying to Pass the Bar.” In Forbes. https://www. 
forbes.com/sites/johnkoetsier/2023/03/14/gpt-4-beats-90-of-lawyers-trying-to-pass-the-bar/ .

Kramer, K. 2023. “AI & Robotics Briefing: First Non-Human on Nature’s 10 List.” Nature. https:// 
doi.org/10.1038/d41586-023-04146-4  .

Kumar, A., A. Khader Jilani Saudagar, M. Alkhathami, B. Alsamani, M. Badruddin Khan, 
M. Hoque Abul Hasanat, Z. Hussain Ahmed, A. Kumar, and B. Srinivasan. 2023. “Gamified 
Learning and Assessment Using ARCS with Next-Generation AIoMT Integrated 3D Animation 
and Virtual Reality Simulation.” Electronics 12 (4): 835. https://doi.org/10.3390/electro 
nics12040835  .

Kumar, P. 2021. “Big Data Analytics: An Emerging Technology.” Proceedings of the 2021 8th 
International Conference on Computing for Sustainable Global Development, INDIACom 2021 
255–261. https://doi.org/10.1109/INDIACom51348.2021.00045  .

Lee, G.-G., and X. Zhai. 2024. “Using ChatGPT for Science Learning: A Study on Pre-Service 
Teachers’ Lesson Planning.” IEEE Transactions on Learning Technologies 17:1683–1700. https:// 
doi.org/10.1109/tlt.2024.3401457  .

20 P. A. COTTON AND D. R. E. COTTON

https://doi.org/10.1088/1742-6596/1440/1/012064
https://doi.org/10.5334/cstp.439
https://doi.org/10.1371/journal.pcbi.1012018
https://doi.org/10.1007/s40593-021-00239-1
https://doi.org/10.1007/s40593-021-00239-1
https://doi.org/10.1002/ppp3.10503
https://doi.org/10.3390/math9060584
https://doi.org/10.17348/jbrit.v16.i1.1237
https://doi.org/10.1080/10494820.2020.1826531
https://doi.org/10.1080/10494820.2020.1826531
https://doi.org/10.3389/feduc.2022.826951
https://doi.org/10.1186/s41239-021-00317-3
https://doi.org/10.1186/s41239-021-00317-3
https://doi.org/10.1177/0735633120921581
https://www.forbes.com/sites/johnkoetsier/2023/03/14/gpt-4-beats-90-of-lawyers-trying-to-pass-the-bar/
https://www.forbes.com/sites/johnkoetsier/2023/03/14/gpt-4-beats-90-of-lawyers-trying-to-pass-the-bar/
https://doi.org/10.1038/d41586-023-04146-4
https://doi.org/10.1038/d41586-023-04146-4
https://doi.org/10.3390/electronics12040835
https://doi.org/10.3390/electronics12040835
https://doi.org/10.1109/INDIACom51348.2021.00045
https://doi.org/10.1109/tlt.2024.3401457
https://doi.org/10.1109/tlt.2024.3401457


Lee, I., and B. Perret. 2022. “Preparing High School Teachers to Integrate AI Methods into STEM 
Classrooms.” Proceedings of the AAAI Conference on Artificial Intelligence 36 (11): 12783–12791.  
https://doi.org/10.1609/aaai.v36i11.21557  .

Liang, J.-C., G.-J. Hwang, M.-R. Alice Chen, and D. Darmawansah. 2021. “Roles and Research Foci 
of Artificial Intelligence in Language Education: An Integrated Bibliographic Analysis and 
Systematic Review Approach.” Interactive Learning Environments 31 (7): 4270–4296. https:// 
doi.org/10.1080/10494820.2021.1958348  .

Lin, J. 2024. “Deep Learning-Driven Optimization Strategies for Teaching Decisions in Smart 
Classrooms.” International Journal of Interactive Mobile Technologies 18 (15): 63–77. https:// 
doi.org/10.3991/ijim.v18i15.50691  .

Luccioni, S., Y. Jernite, and E. Strubell. 2024. “Power Hungry Processing: Watts Driving the Cost of 
AI Deployment?” Proceedings of the 2024 ACM Conference on Fairness, Accountability, and 
Transparency 85–99. https://doi.org/10.1145/3630106.3658542  .

Lytvynova, S., V. Nataliia, and S. Olga. 2024. “Artificial Intelligence in Secondary Education: An 
Innovative Teacher’s Tool to Ensure Individualised Learning for Students.” In New Media 
Pedagogy: Research Trends, Methodological Challenges, and Successful Implementations, edited 
by Ł. Tomczyk, 393–412. Switzerland: Springer Nature.

Mäder, P., D. Boho, M. Rzanny, M. Seeland, H. Christian Wittich, A. Deggelmann, and 
J. Wäldchen. 2021. “The Flora Incognita App – Interactive Plant Species Identification.” 
Methods in Ecology and Evolution 12 (7): 1335–1342. https://doi.org/10.1111/2041-210x.13611  .

Martins, S., and C. Santos. 2023. “The OH! BUG App: Learning to Identify Plants through Their 
Characteristics.” International Conference on New Media Pedagogy 115–124. https://doi.org/10. 
1007/978-3-031-44581-1_9  .

Mayer, F. S., and C. M. P. Frantz. 2004. “The Connectedness to Nature Scale: A Measure of 
individuals’ Feeling in Community with Nature.” Journal of Environmental Psychology 24 (4): 
503–515. https://doi.org/10.1016/j.jenvp.2004.10.001  .

Mech, A., D. Rosenberger, P. Fanning, J. J. Riggins, B. Aukema, and J. Hartshorn. 2022. “There’s an 
App for That: Teaching Entomology in the Online Age.” Natural Sciences Education 51 (2): 
e20081. https://doi.org/10.1002/nse2.20081  .

Nazaretsky, T., M. Cukurova, and G. Alexandron. 2022. “An Instrument for Measuring Teachers’ 
Trust in AI-Based Educational Technology.” Paper Presented at the LAK22: 12th International 
Learning Analytics and Knowledge Conference 56–66. https://doi.org/10.1145/3506860.3506866  .

Neves, A. T., D. Boaventura, and C. Galvão. 2024. “Contributions from Citizen Science to Climate 
Change Education: Monitoring Species Distribution on Rocky Shores Involving Elementary 
Students.” International Journal of Science Education, Part B 1–14. https://doi.org/10.1080/ 
21548455.2024.2322417  .

Ng, S. T., A. K. Y. Leung, and S. H. M. Chan. 2023. “Through the Lens of a Naturalist: How 
Learning About Nature Promotes Nature Connectedness via Awe.” Journal of Environmental 
Psychology 92:102069. https://doi.org/10.1016/j.jenvp.2023.102069  .

Nguyen, D.-V., and Q.-N. Nguyen. 2023. “Evaluating the Symbol Binding Ability of Large 
Language Models for Multiple-Choice Questions in Vietnamese General Education.” In 
Proceedings of the 12th International Symposium on Information and Communication 
Technology 379–386. https://doi.org/10.1145/3628797.3628837  .

Niemiller, K. D. K., A. D. Mark, and L. N. Matthew. 2021. “Addressing ‘Biodiversity Naivety’ 
Through Project-Based Learning Using iNaturalist.” Journal for Nature Conservation 64.  
https://doi.org/10.1016/j.jnc.2021.126070  .

Orench-Rivera, N., A. Bednarski, P. Craig, and A. Talbot. 2024. “Incorporating Coding into the 
Classroom: An Important Component of Modern Bioinformatics Instruction.” Journal of 
College Science Teaching 54 (1): 69–77. https://doi.org/10.1080/0047231x.2024.2405593  .

Oskotsky, T., R. Bajaj, J. Burchard, T. Cavazos, I. Chen, W. T. Connell, S. Eaneff, et al. 2022. 
“Nurturing Diversity and Inclusion in AI in Biomedicine Through a Virtual Summer Program 
for High School Students.” PLOS Computational Biology 18 (1): e1009719. https://doi.org/10. 
1371/journal.pcbi.1009719  .

JOURNAL OF BIOLOGICAL EDUCATION 21

https://doi.org/10.1609/aaai.v36i11.21557
https://doi.org/10.1609/aaai.v36i11.21557
https://doi.org/10.1080/10494820.2021.1958348
https://doi.org/10.1080/10494820.2021.1958348
https://doi.org/10.3991/ijim.v18i15.50691
https://doi.org/10.3991/ijim.v18i15.50691
https://doi.org/10.1145/3630106.3658542
https://doi.org/10.1111/2041-210x.13611
https://doi.org/10.1007/978-3-031-44581-1_9
https://doi.org/10.1007/978-3-031-44581-1_9
https://doi.org/10.1016/j.jenvp.2004.10.001
https://doi.org/10.1002/nse2.20081
https://doi.org/10.1145/3506860.3506866
https://doi.org/10.1080/21548455.2024.2322417
https://doi.org/10.1080/21548455.2024.2322417
https://doi.org/10.1016/j.jenvp.2023.102069
https://doi.org/10.1145/3628797.3628837
https://doi.org/10.1016/j.jnc.2021.126070
https://doi.org/10.1016/j.jnc.2021.126070
https://doi.org/10.1080/0047231x.2024.2405593
https://doi.org/10.1371/journal.pcbi.1009719
https://doi.org/10.1371/journal.pcbi.1009719


Patel, P., N. Pillai, and I. Toby. 2023. “No-Boundary Thinking for Artificial Intelligence in 
Bioinformatics and Education.” Frontiers in Bioinformatics 3:1332902. https://doi.org/10. 
3389/fbinf.2023.1332902  .

Peregrym, M., I. Turisová, A. Tashev, E. Pénzesné Kónya, N. Matsai, and Y. Havryliuk. 2022. 
“Using Citizen Science Tools for Distance Field Study of Botanical Cycle Disciplines in Times of 
Pandemic and Beyond.” Journal of Teacher Education for Sustainability 24 (2): 19–33. https:// 
doi.org/10.2478/jtes-2022-0014  .

Phillips, T. M., A. Saleh, and G. Ozogul. 2022. “An AI Toolkit to Support Teacher Reflection.” 
International Journal of Artificial Intelligence in Education 33 (3): 635–658. https://doi.org/10. 
1007/s40593-022-00295-1  .

Plumley, R. D., M. L. Bernacki, J. A. Greene, S. Kuhlmann, M. Raković, C. J. Urban, K. A. Hogan, 
C. Lee, A. T. Panter, and K. M. Gates. 2024. “Co-Designing Enduring Learning Analytics 
Prediction and Support Tools in Undergraduate Biology Courses.” British Journal of 
Educational Technology 55 (5): 1860–1883. https://doi.org/10.1111/bjet.13472  .

Potsikas, M., K. Prouska, G. Efthimiou, K. Plakitsi, and A.-C. Kornelaki. 2023. “Citizen Science 
Practice Around Lake Pamvotis and the Ioannina Castle: Using iNaturalist to Foster 
Connectedness to Nature in Citizens and University Students.” International Journal of 
Geoheritage and Parks 11 (3): 450–463. https://doi.org/10.1016/j.ijgeop.2023.07.002  .

Prunkl, C. 2024. “AI Meets Biology: A Call for Community Governance.” Nature Methods 21 (8): 
1407–1408. https://doi.org/10.1038/s41592-024-02332-4  .

QAA. 2023a. Maintaining Quality and Standards in the ChatGPT Era: QAA Advice on the 
Opportunities and Challenges Posed by Generative Artificial Intelligence. Gloucester, UK: The 
Quality Assurance Agency for Higher Education.

QAA. 2023b. Reconsidering Assessment for the ChatGPT Era: QAA Advice on Developing 
Sustainable Assessment Strategies. Gloucester, UK: Quality Assurance Agency for Higher 
Education.

Rabelo, L. P., D. Sodre, M. S. Dos Santos, C. C. S. Lima, S. F. Ferrari, I. Sampaio, and M. Vallinoto. 
2022. “ForAlexa, an Online Tool for the Rapid Development of Artificial Intelligence Skills for 
the Teaching of Evolutionary Biology Using Amazon’s Alexa.” Evolution: Education and 
Outreach 15:10. https://doi.org/10.1186/s12052-022-00169-z  .

Rahioui, F. 2024. “Exploring Complex Biological Processes through Artificial Intelligence.” Journal 
of Educators Online 21 (2): 131–145. https://doi.org/10.9743/jeo.2024.21.2.9  .

Robert, J., and N. Muscanell. 2023. 2023 EDUCAUSE Horizon Action Plan: Generative AI. Boulder, 
Colorado: EDUCAUSE.

Robeva, R. S., J. R. Jungck, and L. J. Gross. 2020. “Changing the Nature of Quantitative Biology 
Education: Data Science as a Driver.” Bulletin of Mathematical Biology 82 (10): 127. https://doi. 
org/10.1007/s11538-020-00785-0  .

Rode, Ž., and G. Torkar. 2023. “The iNaturalist Application in Biology Education: A Systematic 
Review.” International Journal of Educational Methodology 9 (4): 725–744. https://doi.org/10. 
12973/ijem.9.4.725  .

Rokop, M., R. Srikanth, M. Albert, C. Radonic, R. Vincent, and R. Stevenson. 2022. “Looking More 
Carefully: A Successful Bioblitz Orientation Activity at an Urban Public University.” Citizen 
Science: Theory and Practice 7 (1): 1–12. https://doi.org/10.5334/cstp.451  .

The Royal Society. 2023. Science in the Age of AI: How Artificial Intelligence Is Changing the Nature 
and Method of Scientific Research. London, UK: The Royal Society.

Russell Group. 2024. Russell Group Principles on the Use of Generative AI Tools in Education. 
Cambridge, UK: Russell Group.

Safitra, M. F., M. Lubis, T. Fabrianti Kusumasari, and D. Prastika Putri. 2024. “Advancements in 
Artificial Intelligence and Data Science: Models, Applications, and Challenges.” Procedia 
Computer Science 234:381–388. https://doi.org/10.1016/j.procs.2024.03.018  .

Salinas-Navarro, D. E., E. Vilalta-Perdomo, R. Michel-Villarreal, and L. Montesinos. 2024. “Using 
Generative Artificial Intelligence Tools to Explain and Enhance Experiential Learning for 
Authentic Assessment.” Education Sciences 14 (1): 83. https://doi.org/10.3390/educsci14010083 
.

22 P. A. COTTON AND D. R. E. COTTON

https://doi.org/10.3389/fbinf.2023.1332902
https://doi.org/10.3389/fbinf.2023.1332902
https://doi.org/10.2478/jtes-2022-0014
https://doi.org/10.2478/jtes-2022-0014
https://doi.org/10.1007/s40593-022-00295-1
https://doi.org/10.1007/s40593-022-00295-1
https://doi.org/10.1111/bjet.13472
https://doi.org/10.1016/j.ijgeop.2023.07.002
https://doi.org/10.1038/s41592-024-02332-4
https://doi.org/10.1186/s12052-022-00169-z
https://doi.org/10.9743/jeo.2024.21.2.9
https://doi.org/10.1007/s11538-020-00785-0
https://doi.org/10.1007/s11538-020-00785-0
https://doi.org/10.12973/ijem.9.4.725
https://doi.org/10.12973/ijem.9.4.725
https://doi.org/10.5334/cstp.451
https://doi.org/10.1016/j.procs.2024.03.018
https://doi.org/10.3390/educsci14010083


Sallam, M. 2023. “ChatGPT Utility in Healthcare Education, Research, and Practice: Systematic 
Review on the Promising Perspectives and Valid Concerns.” Healthcare 11 (6): 887. https://doi. 
org/10.3390/healthcare11060887  .

Sandfort, R., B. Uhlhorn, G. Geißler, I. Lyhne, and A. Jiricka-Pürrer. 2024. “AI Will Change EA 
Practice – but Are We Ready for It? A Call for Discussion Based on Developments in Collecting 
and Processing Biodiversity Data.” Impact Assessment and Project Appraisal 42 (2): 200–208.  
https://doi.org/10.1080/14615517.2024.2318684  .

Scarfe, P., K. Watcham, A. Clarke, and E. Roesch. 2024. “A Real-World Test of Artificial 
Intelligence Infiltration of a University Examinations System: A “Turing Test” Case Study.” 
PLOS ONE 19 (6): e0305354. https://doi.org/10.1371/journal.pone.0305354  .

Schmidt, R., B. Casario, P. Zipse, and J. Grabosky. 2022. “An Analysis of the Accuracy of 
Photo-Based Plant Identification Applications on Fifty-Five Tree Species.” Arboriculture & 
Urban Forestry 48 (1): 27–43. https://doi.org/10.48044/jauf.2022.003  .

Schmidthaler, E., B. Anđic, M. Schmollmüller, B. Sabitzer, and Z. Lavicza. 2023. “Mobile 
Augmented Reality in Biological Education: Perceptions of Austrian Secondary School 
Teachers.” Journal on Efficiency and Responsibility in Education and Science 16 (2): 113–127.  
https://doi.org/10.7160/eriesj.2023.160203  .

Schmucker, R., X. Meng, A. Amos, and M. Tom. 2024. “Ruffle & Riley: Insights from Designing 
and Evaluating a Large Language Model-Based Conversational Tutoring System.” In Artificial 
Intelligence in Education. AIED 2024. Lecture Notes in Computer Science, edited by A. M. Olney, 
IA. Chounta, Z. Liu, O. C. Santos, and I. I. Bittencourt, 547-549. Cham, Switzerland: Springer.  
https://doi.org/10.1007/978-3-031-64302-6_6  .

Scott, E. E., M. P. Wenderoth, and J. H. Doherty. 2020. “Design-Based Research: A Methodology to 
Extend and Enrich Biology Education Research.” CBE—Life Sciences Education 19 (2): es11.  
https://doi.org/10.1187/cbe.19-11-0245  .

Shin, C., D. Gi Seo, S. Jin, S. Hwa Lee, and H. Je Park. 2024. “Educational Technology in the 
University: A Comprehensive Look at the Role of a Professor and Artificial Intelligence.” IEEE 
Access 12:116727–116739. https://doi.org/10.1109/access.2024.3447067  .

Shukla, A. K., M. Janmaijaya, A. Abraham, and P. K. Muhuri. 2019. “Engineering Applications of 
Artificial Intelligence: A Bibliometric Analysis of 30 Years (1988–2018).” Engineering 
Applications of Artificial Intelligence 85:517–532. https://doi.org/10.1016/j.engappai.2019.06. 
010  .

Smith, H., B. Allf, L. Larson, S. Futch, L. Lundgren, L. Pacifici, and C. Cooper. 2021. “Leveraging 
Citizen Science in a College Classroom to Build Interest and Efficacy for Science and the 
Environment.” Citizen Science: Theory and Practice 6 (1): 29. https://doi.org/10.5334/cstp.434  .

Soroye, P., B. P. M. Edwards, R. T. Buxton, J. P. Ethier, A. Frempong‐Manso, H. E. Keefe, 
A. Berberi, et al. 2022. “The Risks and Rewards of Community Science for Threatened 
Species Monitoring.” Conservation Science and Practice 4 (9): e12788. https://doi.org/10.1111/ 
csp2.12788  .

Sripathi, K. N., R. A. Moscarella, M. Steele, R. Yoho, H. You, L. B. Prevost, M. Urban-Lurain, 
J. Merrill, and K. C. Haudek. 2023. “Machine Learning Mixed Methods Text Analysis: An 
Illustration from Automated Scoring Models of Student Writing in Biology Education.” Journal 
of Mixed Methods Research 18 (1): 48–70. https://doi.org/10.1177/15586898231153946  .

Steponenaite, A., and B. Barakat. 2023. “Plagiarism in AI Empowered World.” In Universal Access 
in Human-Computer Interaction. HCII 2023. Lecture Notes in Computer Science, edited by 
M. Antona and C. Stephanidis. Vol. 14021, 434–442. Cham, Switzerland: Springer. https:// 
doi.org/10.1007/978-3-031-35897-5_31  .

Stevenson, R., C. Merrill, and P. Burn. 2021. “Useful Biodiversity Data Were Obtained by Novice 
Observers Using iNaturalist During College Orientation Retreats.” Citizen Science: Theory and 
Practice 6 (1): 27. https://doi.org/10.5334/cstp.407  .

Stöhr, C., A. Wanyu Ou, and H. Malmström. 2024. “Perceptions and Usage of AI Chatbots Among 
Students in Higher Education Across Genders, Academic Levels and Fields of Study.” 
Computers and Education: Artificial Intelligence 7:100259. https://doi.org/10.1016/j.caeai.2024. 
100259  .

JOURNAL OF BIOLOGICAL EDUCATION 23

https://doi.org/10.3390/healthcare11060887
https://doi.org/10.3390/healthcare11060887
https://doi.org/10.1080/14615517.2024.2318684
https://doi.org/10.1080/14615517.2024.2318684
https://doi.org/10.1371/journal.pone.0305354
https://doi.org/10.48044/jauf.2022.003
https://doi.org/10.7160/eriesj.2023.160203
https://doi.org/10.7160/eriesj.2023.160203
https://doi.org/10.1007/978-3-031-64302-6_6
https://doi.org/10.1007/978-3-031-64302-6_6
https://doi.org/10.1187/cbe.19-11-0245
https://doi.org/10.1187/cbe.19-11-0245
https://doi.org/10.1109/access.2024.3447067
https://doi.org/10.1016/j.engappai.2019.06.010
https://doi.org/10.1016/j.engappai.2019.06.010
https://doi.org/10.5334/cstp.434
https://doi.org/10.1111/csp2.12788
https://doi.org/10.1111/csp2.12788
https://doi.org/10.1177/15586898231153946
https://doi.org/10.1007/978-3-031-35897-5_31
https://doi.org/10.1007/978-3-031-35897-5_31
https://doi.org/10.5334/cstp.407
https://doi.org/10.1016/j.caeai.2024.100259
https://doi.org/10.1016/j.caeai.2024.100259


Strubell, E., A. Ganesh, and A. McCallum. 2020. “Energy and Policy Considerations for Modern 
Deep Learning Research.” Proceedings of the AAAI Conference on Artificial Intelligence 34 (9): 
13693–13696. https://doi.org/10.1609/aaai.v34i09.7123  .

Sullivan, M., A. Kelly, and P. McLaughlan. 2023. “ChatGPT in Higher Education: Considerations 
for Academic Integrity and Student Learning.” Journal of Applied Learning & Teaching 6 (1): 
30–40. https://doi.org/10.37074/jalt.2023.6.1.17  .

Szalata, A., K. Hrovatin, S. Becker, A. Tejada-Lapuerta, H. Cui, B. Wang, and F. J. Theis. 2024. 
“Transformers in Single-Cell Omics: A Review and New Perspectives.” Nature Methods 21 (8): 
1430–1443. https://doi.org/10.1038/s41592-024-02353-z  .

Tiago, P., I. Evaristo, and B. Pinto. 2024. “The Role of BioBlitzes in Citizen Science: Insights from 
Participants and Experts.” Frontiers in Environmental Science 12:1347428. https://doi.org/10. 
3389/fenvs.2024.1347428  .

Tiago, P., A. I. Leal, I. T. Rosário, and S. Chozas. 2024. “Discovering Urban Nature: Citizen Science 
and Biodiversity on a University Campus.” Urban Ecosystems 27 (5): 1609–1621. https://doi.org/ 
10.1007/s11252-024-01526-0  .

Tillotson-Chavez, K., and J. Weber. 2024. “A New Generation of Citizen Scientists: Self-Efficacy 
and Skill Growth in a Voluntary Project Applied in the College Classroom Setting.” Citizen 
Science: Theory and Practice 9 (1): 7. https://doi.org/10.5334/cstp.641  .

Titko, J., K. Steinbergs, M. Achieng, and K. Uzule. 2023. “Artificial Intelligence for Education and 
Research: Pilot Study on Perception of Academic Staff.” Virtual Economics 6 (3): 7–19. https:// 
doi.org/10.34021/ve.2023.06.03(1)  .

Tretter, T., O. Nasraoui, K. Spurlock, and B. Graven. 2023. “Board 313: Implementing 
Computational Thinking Strategies Across the Middle/High Science Curriculum.” 2023 ASEE 
Annual Conference & Exposition Proceedings. https://doi.org/10.18260/1-2–42871  .

Unger, S. 2023. “Power of a Snapshot Observation: Using iNaturalist to Teach Undergraduates 
About Ethograms in Animal Behavior.” Journal of Microbiology & Biology Education 24 (1): 
e00044–22. https://doi.org/10.1128/jmbe.00044-22  .

Unger, S., M. Rollins, A. Tietz, and H. Dumais. 2021. “iNaturalist as an Engaging Tool for 
Identifying Organisms in Outdoor Activities.” Journal of Biological Education 55 (5): 
537–547. https://doi.org/10.1080/00219266.2020.1739114  .

Vaidya, M., and P. Meenal. 2024. “Metaverse: Reimagining the Future of Teaching-Learning.” In 
Transforming Education with Virtual Reality, edited by REENA. Malik, 337–350. Ambuj 
Sharma and Prashant Chaudhary. Wiley. https://doi.org/10.1002/9781394200498.ch20  .

Vera-Morales, M., N.-M. Jaime, and P.-A. Andrea. 2021. “Technological Resources in a Blended 
Learning Environment for the Teaching of Ornithology.” In Innovation and Research - 
A Driving Force for Socio-Econo-Technological Development, edited by M. Zambrano, M. Botto- 
Tobar, A. D. Cadena, and B. Durakovic, 65–77. Switzerland: Springer Nature. https://doi.org/ 
10.1007/978-3-031-11438-0_6  .

Vygotsky, L. S. 1978. Mind in Society: The Development of Higher Psychological Processes. (Edited 
by M. Cole, V. John-Steiner, S. Schribner and E. Souberman). Cambridge, Mass: Harvard 
University Press.

Waisome, J., D. Parnell, P. Antonenko, B. Abramowitz, and V. Perez. 2023. “Board 385: Shark AI: 
Teaching Middle School Students AI Fundamentals Using Fossil Shark Teeth.” 2023 ASEE 
Annual Conference & Exposition Proceedings. https://doi.org/10.18260/1-2–43089  .

Waite, K. 2024. “Pocket-Sized Strategies: Nature Activities for Mental Health and Wellbeing.” 
Journal of Geography 123 (2–3): 65–70. https://doi.org/10.1080/00221341.2024.2367441  .

Wang, Q., Y. Li, and R. Li. 2024. “Ecological Footprints, Carbon Emissions, and Energy 
Transitions: The Impact of Artificial Intelligence (AI).” Humanities and Social Sciences 
Communications 11:1043. https://doi.org/10.1057/s41599-024-03520-5  .

Webb, M. 2024. Generative AI - A Primer. 1.4 ed. Bristol, UK: JISC.
Weber-Wulff, D., A. Anohina-Naumeca, S. Bjelobaba, T. Foltýnek, J. Guerrero-Dib, O. Popoola, 

P. Šigut, and L. Waddington. 2023. “Testing of Detection Tools for AI-Generated Text.” 
International Journal for Educational Integrity 19 (1): 26. https://doi.org/10.1007/s40979-023- 
00146-z  .

24 P. A. COTTON AND D. R. E. COTTON

https://doi.org/10.1609/aaai.v34i09.7123
https://doi.org/10.37074/jalt.2023.6.1.17
https://doi.org/10.1038/s41592-024-02353-z
https://doi.org/10.3389/fenvs.2024.1347428
https://doi.org/10.3389/fenvs.2024.1347428
https://doi.org/10.1007/s11252-024-01526-0
https://doi.org/10.1007/s11252-024-01526-0
https://doi.org/10.5334/cstp.641
https://doi.org/10.34021/ve.2023.06.03(1)
https://doi.org/10.34021/ve.2023.06.03(1)
https://doi.org/10.18260/1-2-42871
https://doi.org/10.1128/jmbe.00044-22
https://doi.org/10.1080/00219266.2020.1739114
https://doi.org/10.1002/9781394200498.ch20
https://doi.org/10.1007/978-3-031-11438-0_6
https://doi.org/10.1007/978-3-031-11438-0_6
https://doi.org/10.18260/1-2-43089
https://doi.org/10.1080/00221341.2024.2367441
https://doi.org/10.1057/s41599-024-03520-5
https://doi.org/10.1007/s40979-023-00146-z
https://doi.org/10.1007/s40979-023-00146-z


Winkler-Schwartz, A., V. Bissonnette, N. Mirchi, N. Ponnudurai, R. Yilmaz, N. Ledwos, S. Siyar, 
H. Azarnoush, B. Karlik, and R. F. Del Maestro. 2019. “Artificial Intelligence in Medical 
Education: Best Practices Using Machine Learning to Assess Surgical Expertise in Virtual 
Reality Simulation.” Journal of Surgical Education 76 (6): 1681–1690. https://doi.org/10.1016/ 
j.jsurg.2019.05.015  .

Yang, K. B., S. Nam, Y. Huang, and S. Wood. 2024. “Rhetor: Providing LLM-Based Feedback for 
Students’ Argumentative Essays.” In Technology Enhanced Learning for Inclusive and Equitable 
Quality Education. EC-TEL 2024. Lecture Notes in Computer Science, edited by R. Ferreira 
Mello, N. Rummel, I. Jivet, G. Pishtari, and J. A. Ruipérez Valiente. Vol. 15160, 201-205. Cham, 
Switzerland: Springer. https://doi.org/10.1007/978-3-031-72312-4_28  .

Yoo, A. 2024. “Artificial Intelligence in Classrooms: How Artificial Intelligence Can Aid in 
Teaching Biology.” In A Biologist’s Guide to Artificial Intelligence, edited by AMBREEN. 
Hamadani, NAZIR. A. Ganai, HENNA. Hamadani, and J. Bashir, 287–300. New York: 
Academic Press.

Yu, H. 2023. “Reflection on Whether Chat GPT Should Be Banned by Academia from the 
Perspective of Education and Teaching.” Front Psychol 14:1181712. https://doi.org/10.3389/ 
fpsyg.2023.1181712  .

Zawacki-Richter, O., V. I. Marín, M. Bond, and F. Gouverneur. 2019. “Systematic Review of 
Research on Artificial Intelligence Applications in Higher Education – Where Are the 
Educators?” International Journal of Educational Technology in Higher Education 16 (1): 
1–27. https://doi.org/10.1186/s41239-019-0171-0  .

Zhai, X., X. Chu, C. Sing Chai, M. Siu Yung Jong, A. Istenic, M. Spector, J.-B. Liu, J. Yuan, Y. Li, 
and N. Cai. 2021. “A Review of Artificial Intelligence (AI) in Education from 2010 to 2020.” 
Complexity 2021 (1): 8812542–8812542. https://doi.org/10.1155/2021/8812542  .

Zhang, C., Z. Zhou, J. Wu, Y. Hu, Y. Shao, J. Liu, Y. Hu, F. Ying, and C. Yao. 2021. “Bio 
Sketchbook: An AI-Assisted Sketching Partner for Children’s Biodiversity Observational 
Learning.” Interaction Design and Children 466–470. https://doi.org/10.1145/3459990.3465197  .

Zhang, K., and A. Begum Aslan. 2021. “AI Technologies for Education: Recent Research & Future 
Directions.” Computers and Education: Artificial Intelligence 2:100025. https://doi.org/10.1016/ 
j.caeai.2021.100025  .

Zhang, L., K. Fu, and X. Liu. 2022. “Artificial Intelligence in Education: Ethical Issues and Its 
Regulations In Proceedings of the 5th International Conference on Big Data and Education 
(ICBDE ‘22). (Association for Computing Machinery, New York, NY, United States).” 1–6.  
https://doi.org/10.1145/3524383.3524406.

JOURNAL OF BIOLOGICAL EDUCATION 25

https://doi.org/10.1016/j.jsurg.2019.05.015
https://doi.org/10.1016/j.jsurg.2019.05.015
https://doi.org/10.1007/978-3-031-72312-4_28
https://doi.org/10.3389/fpsyg.2023.1181712
https://doi.org/10.3389/fpsyg.2023.1181712
https://doi.org/10.1186/s41239-019-0171-0
https://doi.org/10.1155/2021/8812542
https://doi.org/10.1145/3459990.3465197
https://doi.org/10.1016/j.caeai.2021.100025
https://doi.org/10.1016/j.caeai.2021.100025
https://doi.org/10.1145/3524383.3524406
https://doi.org/10.1145/3524383.3524406

	Abstract
	Introduction
	Methods
	Opportunities for using AI in biological education
	Enhancing student engagement in biology
	Enhancing subject-specific knowledge and skills in biology
	Supporting inclusivity and student retention


	Challenges of using AI in biological education
	Concerns about ethics and academic integrity
	Reduction in critical thinking if students over-use AI tools
	Need for professional development around AI for biology teachers

	Use of specialised machine learning tools in biological education
	Enhancing student engagement in biology
	Enhancing subject-specific knowledge and skills in biology
	Supporting inclusivity and student retention

	Challenges of using specialised machine learning tools in biological education
	Gaps in the literature around AI in biological education
	Conclusion and recommendations
	Note
	Acknowledgments
	Disclosure statement
	ORCID
	References

