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Ashy sea cucumber, Holothuria cinerascens. Sea cucumbers are soft-bodied marine invertebrates revered for their potent health benefits derived from biologically active molecules. Upton and colleagues undertook comparative metabolomic analyses of two sea cucumber species, Holothuria cinerascens and Pseudocnella sykion.
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The recently released 2026 World Inequality Report1 provides important and useful information for all scientists and academics, across all disciplines. This third iteration of the report (the previous ones were in 2018 and 2022) shows that income inequality globally is persistent and increasing: the top 0.001% (about 56 000 adults globally) have about three times more wealth than half of the entire world population as a whole.1(p.14) Income and wealth inequality are intertwined closely with other factors. For example, the wealthiest account for a substantially disproportionate share of global emissions1(p.16), but are least vulnerable to the effects of climate shocks and calamities. Income distribution is highly gendered, with women, wherever they are in the world, and by various metrics, persistently receiving lower labour income than men in the same regions. Gender income inequality is less extreme in wealthier countries, but in sub-Saharan Africa, for example, the female labour income share stands at about 28%. There is no region in the world showing gender income parity.

South Africa is, as always, a troubling example. In a recently published analysis2 accompanying the World Inequality Report, Czajka and Gethin use data from 1993 to 2019 to analyse racial inequality and redistribution in post-apartheid South Africa. They note that, as of the 2019 data, South Africa remained the most unequal country in the world, with a Gini coefficient of pretax income at 0.8. To a small degree, racial pretax inequality declined, these authors suggest, but largely through the very rapid growth of black “very high earners”. In 2019, they calculate, the average per capita income for white South Africans was similar to the average per capita national income of Denmark; the average income in the top 10% of black South Africans comparable to the average income in Italy; and the average income of the bottom 90% of black South Africans similar to that of Zimbabwe.

Although there are many debates on how best to measure inequality and its impact on human and planetary well-being, there is little question that inequality is closely related to environmental degradation, gender inequality, poor healthcare outcomes, problems with educational achievement, rates of violence, poor infrastructure, and a host of other vulnerabilities.3 Scientists committed, as our Journal is, to contributing in a range of ways to human well-being and flourishing, must consider issues of inequality and lack of access as these affect different subject fields, and also the research enterprise as a whole. Regardless of what is being studied, and the methods used, questions of inequality must always be considered. As we in the South African research community explore, grapple with, and learn more about artificial intelligence (AI), for example, apart from the legitimate concerns globally about its environmental costs, Wingfield and Wingfield4 noted in our pages earlier this year the intertwining of questions about open access and paywalls, with access to and appropriate use of AI.

Many of us who are academics and journal editors have likely been exasperated by the obvious and very clumsy ways in which AI can be and is being used by students and authors at all levels. For example, as an editor myself of another journal (based in the Global North), I dealt with the first case this year in which there appeared to be AI-hallucinated references, and when I asked the authors to respond to my concern, they did not reply. At the South African Journal of Science, thus far, we have not knowingly encountered such problems. We are excited by the potential and promise of AI and LLMs more, probably, than we are worried about abuse. But, as McKenna5 has noted recently, the worries we may legitimately have about AI and its use in scholarly work in South Africa map onto other worries which are not new. These are worries about inequality, apart from anything else. McKenna raises important questions about an outputs-driven approach to doctoral education in South Africa – questions which can be expanded to broader concerns about science and its purpose in our context.

People enter, or try to enter, the world of science and academia from very different places. And the world they enter, certainly in South African universities currently, despite some nascent encouraging pushback, is a world of metrics, publication counts, rankings and awards. As Morrell and Roos6 have noted, metrics, awards and prizes may become incentives to pursue fake credentials. Indeed, the Facebook page for AD Scientific Index (https://www.facebook.com/adscientificindex1/) promises that it is “beyond rankings”, offering “transparency”, “equality” and “real academic value”, while relying for its rankings and scores mostly on Google Scholar (https://www.adscientificindex.com/methodology/). Google Scholar as a tool has many advantages, but it does not pretend to have quality control. There is a serious problem when South African researchers use rankings from AD Scientific Index to make claims as to their academic prominence, and when the use of such rankings is rewarded.

Underlying this problem of reliance on what is easily counted are much more fundamental questions, as McKenna suggests. When McKenna insists that, at the heart of doctoral education is not the question of “outputs” but the question of what knowledge is, she is raising again the issues of inequality in higher education and research. There are deep and continuing inequalities in who is allowed to know what about what subject, who is allowed to be an expert on which topic, and who has the confidence to speak their mind, or even to feel that they have a right to voice their views. Knowledge is contested and relational, and subject to change. All that we know is provisional. To create and sustain environments in which there is space for robust and safe contestation is easier said than done. It is not easy to find the best way to acknowledge and take due account of epistemic exclusion, but this is something we must pursue. And one category of excluded knowledge is knowledge from below. As we strive to build a more just and diverse science system, we need to understand the impact of inequality in all its forms upon who has the best opportunities to learn and debate in a robust and rigorous way. We need different perspectives in order to address different aspects of inequality. Simply counting heads or outputs will not solve the problems. Technologies and tools will not solve the problems, helpful though they are. We hope that our Journal will continue to be a space in which the practice of thinking together, which includes the practice of respectful contestation and disagreement, will be at the fore. For this to work, we are dependent on the contributions of our authors and reviewers. We all hold a mutual responsibility to care for one another; part of this care is holding one another to account.
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Professor Shirley Caroline Keolebogile ‘Keo’ Mamotswere Motaung (1964–2025) was a pioneering South African biomedical scientist, academic leader and entrepreneur whose contributions transformed tissue engineering, regenerative medicine, biotribology and research commercialisation in South Africa.1 She passed away on 12 November 2025 while serving as the FALF/FREF/Nelson Mandela University Research Chair in Entrepreneurship and Financial Inclusion. Her life’s work left a lasting imprint on science, innovation and higher education.

Early life and education

Born in Kagiso, Krugersdorp, on 2 January 1964, Motaung completed her schooling at Manoane Primary School and matriculated from Nkakane High School in 1982. She pursued a distinguished academic path, earning a National Diploma in Medical Technology (Technikon Pretoria, 1992), a BTech in Biomedical Technology (Technikon Witwatersrand, 1996) and an MTech in Biomedical Technology (Technikon Pretoria, 2003).

In 2010, she completed her Doctor of Technology through the Tshwane University of Technology in partnership with the University of California, Davis, as a Fulbright Scholar.2 She further complemented her scientific training with specialised programmes in tissue engineering, biotribology, innovation, leadership and higher education management.

Academic and professional career

Motaung’s career in higher education and research spanned more than 26 years. She held several senior leadership roles, including:


	•
Acting Deputy Vice-Chancellor for Research, Innovation and Engagement at the Durban University of Technology;


	•
Director of Technology Transfer and Innovation at the Durban University of Technology;


	•
Assistant Dean for Research, Innovation and Engagement at the Tshwane University of Technology; and


	•
Acting Executive Dean of the Faculty of Science at the Tshwane University of Technology.




Earlier in her career, she served as Senior Lecturer, Section Head, Lecturer and Junior Lecturer in Biomedical Sciences at the Tshwane University of Technology (1998–2013). Before entering academia, she worked in clinical practice as a Medical Technologist and Unit Supervisor at the National Health Laboratory Service and Lancet Laboratories (1989–1998).

Throughout her academic career, she supervised numerous postgraduate students, developed curricula and made significant contributions to strengthening research and innovation systems at both institutional and national levels.

Innovation and entrepreneurship

A defining feature of Motaung’s career was her commitment to translating laboratory-based research into socially responsive and commercially viable products. In 2016, she founded Global Health Biotech (Pty) Ltd to advance the commercialisation of Indigenous knowledge based biomedical innovations.3

Through this platform, she led the development of La-Africa Soother, an anti-inflammatory ointment derived from indigenous plant extracts.3,4 The innovation journey included:


	•
isolation and characterisation of bioactive compounds;


	•
preclinical efficacy and safety testing;


	•
intellectual property protection;


	•
prototype development and validation; and


	•
market-readiness activities through national and international exhibitions.




La-Africa Soother became one of South Africa’s flagship examples of research commercialisation rooted in Indigenous knowledge systems. The product garnered national and global recognition and received national and international recognition through multiple innovation awards.4

Her work positioned her as a leading national voice on the importance of commercialising South African research, strengthening local biotechnology industries and empowering academic scientists to become innovators. Through her entrepreneurial work, she advanced the commercialisation of research outputs and championed the integration of Indigenous knowledge systems into biotechnology innovation.

Leadership in scientific engagement

Motaung made significant contributions to establishing South Africa as a continental hub for regenerative medicine. She hosted the 1st International Conference on Tissue Engineering and Regenerative Medicine at the Tshwane University of Technology in 2014, followed by the 2nd International Conference on Tissue Engineering and Regenerative Medicine at the Vaal University of Technology in Vanderbijlpark in 2017. Both events attracted global experts, African researchers and postgraduate students.

These conferences were instrumental in strengthening industry–university partnerships; building continental networks in regenerative medicine; enhancing postgraduate training and scientific visibility; and increasing global recognition of South African innovation capabilities.

Her leadership contributed to positioning South Africa as an emerging centre of excellence in tissue engineering and regenerative sciences. These conferences also gave birth to the African Tissue Engineering and Regenerative Medicine Platform, for which she served as President.

International collaboration and global scientific engagement

Motaung was deeply committed to advancing international collaboration, particularly in empowering women in STEM. She served as Co-Chair of the HBCU–HDI Women in STEM Conference, a partnership that strength-ened the collective commitment to advancing women scientists in South Africa and the USA.5 Through this role, she helped establish a platform connecting women scholars from historically disadvantaged institutions (HDIs) and historically black colleges and universities (HBCUs), creating a space to exchange ideas, confront shared challenges and celebrate their achievements.

Her leadership was instrumental in shaping the conference into a transformative environment where cross-continental collaboration flourished. She understood that representation creates possibility, and she consistently used her influence to increase visibility for women innovators, particularly in biotechnology, entrepreneurship and translational research. Her participation in the conference’s innovation panels inspired countless students and faculty, demonstrating how scientific discovery can evolve into commercially viable technologies that transform lives.

Awards and recognition

Motaung received more than 60 local and international awards in recognition of her leadership, research excellence and contributions to entrepreneurship. Among these were the South African Women in Science Award (SAWiSA)6, the NSTF–South32 Research for Innovation Award, the Black Management Forum Standard Bank Top Inventor Award, and recognition for being among the Inspiring Fifty Women in South Africa. In 2020, Motaung was honoured by the Motsepe Foundation with the Shining Light Award at the International Women’s Day Summit, where she also participated as a key panel discussant on the role of women and youth in the Fourth Industrial Revolution.4 She was also a Top 10 Nominee for the Innovation Prize for Africa. She secured more than ZAR3.5 million in funding that supported postgraduate training, collaborative research, equipment acquisition and conference participation.

Leadership and national service

Motaung played influential roles in several scientific and innovation bodies. She served as Chair of the Female Academic Leadership Fellowship – FirstRand Empowerment Foundation (FALF/FREF) at Nelson Mandela University, Chairperson of the NIPMO Advisory Board, Board Member at the Technology Innovation Agency2, Chairperson of the EDHE Community of Practice for Entrepreneurship Research and Chairperson of the OWSD South African National Chapter2,7. She also served on national and international review panels, including the Fulbright Scholarship Program, the Health Professions Council of South Africa (Professional Board for Medical Technology) and multiple scientific committees.

Motaung actively championed entrepreneurship in higher education, advocating for students and academics to translate their research ideas into businesses and job creators – a theme she emphasised at the EDHE Lekgotla 2019 hosted by Universities South Africa (USAf).7

Scholarly contributions

Her academic output included more than 40 peer-reviewed publications, several book chapters and over 30 supervised postgraduate candidates. She presented her work widely at national and international conferences and collaborated with research partners across Africa, Europe and North America. Her contributions strengthened South Africa’s biomedical research profile and inspired a generation of emerging scientists.1
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Professor ‘Keo’ Motaung



Personal attributes and legacy

Motaung was widely admired for her humility, discipline, compassion and unwavering commitment to mentorship. She was particularly dedicated to supporting women in science, promoting innovation-based entrepreneurship and ensuring the societal impact of scientific research. Her legacy endures through her students, her innovations and the institutional structures she helped shape.

Motaung is survived by her children Tshegofatso Thapelo Motaung and Mathabo Reabetswe Mashigo, and her sister Matshidiso Dorothy Mantshiyo. She is preceded in death by her brother Martin Mpelo Motaung.

Her life’s work continues to influence South Africa’s scientific, academic and innovation landscape. May her contribution be long remembered.
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Any human life is made up by its unique combination of bone, flesh and spirit.

For Maria Lis Lange (or Lis as she preferred to be known), the bone – the structural frame for her vital life – was provided by her outstanding career as a professional in higher education policy and administration.

For someone who believed, along with Hannah Arendt (as cited by Lange), that education “is the point at which we decide whether to love the world enough to assume responsibility for it”, it is no surprise that Lange chose to devote her working life to higher education.1(p.4)

Her career came at a particularly intense moment for higher education policy in South Africa. The new democracy was determined to use education to provide the high-level technical skills needed – as global policy templates insisted – to help it compete in the global economy. And at the same time – specific to its moment and context – to help it address the challenges of racial inequality that threatened to hollow out the promise of the long-sought-for democracy.

Lange began her administrative career as a Liaison Officer in the Centre for Science Development (an arm of the Human Sciences Research Council) in 1997, and, from 1999 to 2000, worked for the National Research Foundation, the new organisation which subsumed the funding-arm of the Human Sciences Research Council.

From here, Lange spent a full decade in the Council on Higher Education (CHE), the new agency tasked with both monitoring the performance of the system (through its process of institutional audits) and seeking to provide either solicited or unsolicited advice to the Minister.

In this latter role, the CHE tried to play an essential role in a fledgling but ambitious democracy. It sought to provide – through its seminars, publications and promotion of debate – something of an ‘open’ deliberative space, situated somewhere between government and higher education institutions themselves, also with room for the views of both students and academics.

Initially hired as a Project Manager in 2002, she quickly demonstrated the drive, commitment and capacity to become Director of Monitoring and Evaluation at the CHE (2003–2006) and later the Executive Director of the Higher Education Quality Committee (from 2006 to 2010) (also acting briefly as its Chief Executive Officer from 2007 to 2008).

In each of these roles, she demonstrated (in Saleem Badat’s words) “great intellect, innovative and incisive social thinking, social commitment and a capacity for hard work” (Badat S 2025, written communication, October 18).

From this ‘external’ oversight role over the system as a whole, Lange moved on to take up several local ‘internal’ positions inside the system, and notably at the University of the Free State and the University of Cape Town.

In these ‘internal’ posts, Lange was well placed to experience the frictions that occur when (as the saying goes) the ‘rubber hits the road’ and the ideals of necessarily abstract policy engage with the recalcitrance of the real.

Lange assumed her role as Senior Director of Institutional Research and Academic Planning at the University of the Free State (UFS; 2011–2014) following two major upsets: the 2008 Reitz video initiation incident and the 2010 SASCO-inspired disruption of intervarsity games between UFS and North-West University (which led to the suspension of the Student Representative Council and calls for the resignation of the Vice Rector, Jonathan Jansen).2,3

Here she set out to address the crucial problems in UFS’s institutional and academic culture, coming to focus particularly on the ways in which the curriculum could be used (as the Soudien Report put it) as “a tool of exclusion”4.

Failing appointment to the position of rector of UFS, Lange moved sideways to become Deputy Vice Chancellor of Teaching and Learning at the University of Cape Town (UCT) in 2018.

The appointment was made despite vocal resistance from the University’s Black Caucus (which preferred one of its own members for the post). However, despite the initial support from UCT’s Vice Chancellor, Mamokgethi Phakeng, the senior executive relationship turned sour.

Lange’s professionalism, honesty and forthrightness proved to be too much for someone who brooked no disagreement and did not accept criticism, however necessary.

Lange was pushed by the Chair of Council to forsake her intention to seek a usual second term as DVC and forced to resign months before the expiration of her existing contract. The Independent Investigation into UCT Governance later found her contract to have been “irregularly, improperly, and unlawfully terminated”5.

Lange moved on to what proved to be her ultimate position as Special Advisor to the Deputy Vice Chancellor: Learning and Teaching at Stellenbosch University.

Such were the formal structures (the bones) of her life and career.

More important is the fact that these structures provided the context and occasions through which an intellectual self-fashioning took place, one that put flesh on the bones of her career as (in Badat’s apt phrase) a “scholar-administrator” (Badat S 2025, written communication, October 18). For Lange was someone who used the act of writing not just to report or convey information in administrative terms, but to critically think it through.

This was the critical intellectual process she referred to as the taking of “my intellectual self out of my managerial self”6(p.177).

Commitment to this process meant that her thinking was always agonistic, in the most classical senses of the term: it was an athletic thinking, shaped in and strengthened by the various contests it engaged.

The main political and intellectual challenge came from the very New Public Management criteria which it was her professional task to implement as Director of the CHE’s Higher Education Quality Committee.

South Africa rejoined the international higher education community just as a new globally templated and World Bank–approved audit culture came into being. Its central task was to help discipline universities into accepting the new rallying calls of “innovation [and] entrepreneurialism”7(p.62) and to “background” the initial postwar commitments to the massification of higher education that has been articulated around ideas of democracy and the public good.

Lange – alongside other colleagues in the CHE, such as Saleem Badat, Mala Singh and Thierry Luescher – sought to meet the challenge of this restrictive audit culture head-on, taking advantage of the moment in which South Africa distinguished itself by making explicit constitutional commitments to academic freedom and openly asserted the need for higher education to be used for fostering the critical citizenship essential for the new democracy to flourish.

Her particular goal became to “use a monitoring system to help institutions and the higher education system to become more reflective”; to “make possible the realisation of a progressive link between evaluation and democracy”; and, ultimately, to enable South Africa to realise a “post-managerialist” model of higher education governance.8-10

All in all, this implied that policy and monitoring should be about the fostering of democratic deliberation through the provision of systematic knowledge rather than through the enforcing of market discipline on academics and their students.

A second (and related) contest emerged from her hands-on experience inside the specific institutional cultures of UFS and UCT.

Each of these (in their own ways) forced into vivid focus that key word in South Africa’s higher education lexicon: the idea and practice of ‘transformation’.

Against what had become a very inert notion of ‘transformation’ as a simple numbers game, easy to tick off (or not) for superficial auditing purposes, Lange was characteristically fierce in her determination to insist on the term’s real “conceptual and political complexity”11.

Similarly, Lange showed her mettle in refusing to equate the new (post-2015) key word of decolonisation with a reductive racial nationalism while fully accepting the reality and force of blind white privilege. A deeper challenge, she insisted, was to be found in “confronting where we went wrong as a civilisation and being ready to educate for a wholly different future”12.

Above all, this would mean actively confronting all the concessions universities had made to the now dominant neo-liberal culture, and notably the fact that universities have “actively participated in every aspect of logarithm capitalism”: the submission to the dictates of the global university rankings system and the drive for the digitalisation of teaching and learning, particularly with its risks for universities of “failing in their duty of care for young adults”7(p.61).

Against these concessions, she urged a new “political project for the university”, one in which it becomes “an active agent of change…in looking for solutions and alternative ways to the manner in which we live, work, think and feel, and are to each other”.7(p.62)

Facing the challenge of what such a shift in higher education thinking would involve might well constitute the legacy of her work for the next generation.

What was it that drove this capacity for such combative, agonistic thinking?

It was powered, I think, by that inward spirit which anyone who encountered her would instantly recognise in the fierce flash of her gaze.

This was a person, her eyes told you, who was honest, direct and deeply motivated by a spirit of an indomitable political will for social justice.

This spirit was initially forged by the hammer-blows of growing up during Argentina’s ‘dirty war’ and was later refined by the terms of her formation as an academic. As Rachel Stewart, her former partner, put it, “Lis didn’t spring up from South African soil. It was her Argentinian experience which radicalized her” (Stewart R 2025, oral communication, October 20).

Lange was born into a conservative family in Buenos Aires in 1961. Her father was strict, but always encouraged her independent intellectual development, something which her mother (although never being able to complete her own philosophy degree) also nurtured. She was initially schooled in (and internalised) the firm commitments to the values of learning, truth and community spirit endorsed by her Catholic Dominican school. By the time she was 15 (in 1976), a long-prepared coup (aided and abetted by the USA) deposed Isabel Perón and placed a military junta in power.

Under the guise of its innocuous-sounding National Reorganization Process, the Junta soon added and put into practice a new concept in the vocabulary of state terror: los desaparecidos, disappearance. This referred to the taking of people from their homes, offices or the streets without formal arrest, and then, without trial or judicial procedure of any kind, detaining, torturing and very often murdering them, secretly disposing of the bodies to leave no evidence behind (most notoriously by dropping them from airplanes into the sea, alive or already dead). The number of those ‘disappeared’ in this fashion between 1976 and 1983 is estimated at around 30 000.

The practice was intended to cow the civilian population, particularly as its targets were most often not the subversivos themselves (trade union or political activists) but ordinary and often upper-middle-class citizens, with a special focus on secondary school teachers, university professors and (disproportionately) Jews.13

Imagine growing up in a social world in which anyone in your circle could be ‘disappeared’ from one day to the next. Imagine the anxiety of a teenager at school or in a university system in which your teachers or professors were regarded by the government as “poisoning young people” and therefore as potential targets for disappearance. For, as Brigadier-General Vilas declared (on 5 August 1976), until “we clean up the university system…we cannot achieve a victory”14(p.179).

Two responses are possible in such a world: to be cowed or to resist.

Lange chose the path of most resistance.

Inspired by the weekly demonstrations in front of the presidential building, the Casa Rosada, by the Madres de Plaza de Mayo (women silently protesting the disappearance of their children that started in April 1977) and angry with the Church for siding with the brutal regime, Lange joined the Maoist-influenced Revolutionary Communist Party, consequently running a significant risk of being disappeared herself.

After studying Classical History at the University of Buenos Aires, where (as she later put it) “both the books and the professors were banned”15, she won a scholarship to the safer and more open atmosphere of the Colegio de Mexico. Here, in 1988, she completed a master’s degree in African Studies.

From there, intrigued by the similarities and differences between South Africa and Argentina, and fascinated by the ways in which its historiography “was competing easily with the best English and French social history”15, she made her decisive move to South Africa by winning an Oppenheimer scholarship for doctoral studies at the University of the Witwatersrand.

There, she internalised the “brutal intellectual discipline” of social history as taught to her by her “endlessly patient but also endlessly demanding” supervisor, Charles van Onselen.16 Under this sharp supervision, she honed her academic spirit to that particular fine intellectual edge created by the demands of a social history in which the necessary discipline of fact was always equally informed and complicated by all the demands of theory.

A revised version of her thesis was published in 2003 as White, Poor and Angry: White working-class families in Johannesburg, eliciting praise as “modest, painstaking archival work”17.

From there, Lange became a formidable presence in South African higher education. Perhaps the words of a former colleague at UCT, Loretta Feris, can serve to exemplify the intellectual substance of Lange’s contribution to higher education thinking. Recalling the times she would go and talk to Lange “to ask for her thoughts or to test an idea”, Feris noted above all how she usually left “not with an answer but with more food for thought…she pushed me to be reflective and thoughtful” (Feris L 2025, written communication, October 16).

To be reflective and thoughtful: not a bad lesson for anyone involved in higher education in South Africa.

Lange died from complications arising from a lengthy struggle with an unusual form of rheumatoid arthritis which attacked and finally destroyed the tissue of her lungs.

She is deeply mourned by her second marriage partner, Jane Bennett; her former partner Rachel Stewart, their adopted daughter Puleng and two grandchildren; her three remaining brothers in Argentina; and her many friends and collaborators in the higher education world she contributed so much to.
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Christa Kuljian, currently a Research Associate at the Wits Institute for Social and Economic Research (WiSER), started her journey into the intersection of science and social justice in the early 1980s at Harvard, guided by her involvement in a course she pursued, ‘Bio 109: Biology and Women’s Issues’, taught by Ruth Hubbard, Harvard’s first tenured female biology professor. In that class, Kuljian was confronted with the realisation that science was not neutral but deeply influenced by societal biases, particularly through the ways male scientists historically framed gender and biology to uphold patriarchal norms.

This formative experience inspired Kuljian’s book Our Science, Ourselves: How Gender, Race, and Social Movements Shaped the Study of Science. The book traces the emergence of feminist science studies, focusing on six trailblazing women – Ruth Hubbard, Rita Arditti, Evelyn Fox Keller, Evelynn Hammonds, Anne Fausto-Sterling and Banu Subramaniam – who together challenged biases in scientific institutions and research paradigms.

These women converged around Boston’s robust academic and activist landscape during the 1970s to 1990s. Inspired by the women’s movement and groups such as ‘Science for the People’, the ‘Genes and Gender Collective’ and the ‘Combahee River Collective’, they examined how gender, race, class and sexuality shaped both scientific knowledge and institutional practices. Kuljian diligently narrates how their insights have seeped into mainstream scientific disciplines, such as cell biology, developmental biology and science and technology studies, and continue to inspire new generations of researchers to question the past and to reexamine the practices of contemporary times.

Drawing from archival materials, journal articles and interviews, Kuljian paints these women’s stories not just as intellectual breakthroughs but as deeply personal journeys. She highlights how scientific objectivity required deeply embodied critiques rooted in personal experiences of exclusion and systemic inequality. Kuljian’s narrative documents their leadership in major critiques, from challenging E.O. Wilson’s sociobiology in the 1970s to responding to Larry Summers’s controversial comments 30 years later, and explores Nancy Hopkins’s evolving role as a “reluctant feminist” author of the Massachusetts Institute of Technology’s influential 1999 report on women in science.

Kuljian’s own path intertwines with this history. Growing up in Boston, attending that pivotal course, then launching a career across continents – eventually settling in Johannesburg – Kuljian brings a unique blend of proximity and hindsight. Her previous work, Darwin’s Hunch (Jacana Media, 2016), examined scientific racism in palaeoanthropology; Our Science, Ourselves builds on that foundation by centring the people, movements and ideas that reshaped how science understands itself.

Kuljian makes a broader case for intersectionality as essential to scientific progress, noting the inadequacy of early feminist critiques that failed to integrate race, class and sexuality. Figures like Dorothy Burnham, an African American microbiologist, helped highlight how scientific myths differently affected black women – pushing the movement toward a richer, more inclusive feminism.

Throughout, the book underscores how social movements and institutions co-created feminist science studies, and how these scholars operated not in isolation but in networks; through seminars, publications and activism, they challenged the presumed neutrality and authority of science.

Kuljian traces how these scientists worked to transform science from within, questioning assumptions about objectivity and neutrality while demonstrating how social and political contexts influence scientific knowledge production. This represents a continuation of Kuljian’s broader interest in examining how social factors shape scientific understanding, as seen in her previous work Darwin’s Hunch, which explored similar themes around race and science in the context of human origins research.

This book investigates the origins of feminist science studies in the USA, providing historical context for understanding how gender and racial critiques of science developed. This addresses contemporary questions about how scientific knowledge production is shaped by social identities and power structures.

Kuljian explores how engaging with these critiques is often difficult, which speaks to ongoing contemporary challenges about implementing meaningful change in scientific institutions and practices. The contemporary relevance of her narrative lies in how the historical struggles documented in the book continue to resonate today: questions about who gets to do science, whose perspectives are valued, how research questions are framed, and how scientific institutions can become more inclusive and responsive to diverse voices and concerns. These remain pressing issues in current discussions about diversity in STEM, decolonising science, and addressing systemic inequalities in academic and research settings.

What about the historical arc of how women in science developed in South Africa?

Universities in South Africa gradually opened their doors to women in the early 20th century, but opportunities were rare and concentrated in a few disciplines (notably botany and ethnology). Ethel Mary Doidge, a mycologist, became the first woman to earn a doctorate in South Africa (DSc, 1914) – a signal that women could attain the highest scientific credentials despite pervasive barriers.1

During the 1940s to 1970s, female scientists worked largely in teaching and museum/herbarium roles, with only a handful breaking societies’ glass ceilings (e.g. botanist Margaret Levyns, later a leading figure of the Royal Society of South Africa2).

Apartheid’s racialised system sharply constrained black women’s access to STEM training and posts; representation remained small and skewed by field. Although participation and output by women have risen steadily since the mid-2000s, including gains for black women, gender gaps persist across fields and seniority (notably in engineering/physical sciences and in leadership ranks).3 Current debates focus on how grant-making and institutional practices can accelerate transformation, but the skewed trend is still noticeable in contemporary times.

I had the privilege of hosting Kuljian during an ‘In conversation’ webinar series hosted by the Academy of Science of South Africa (ASSAf) on 19 August 2025.4 This gave ASSAf an opportunity to have an open discussion with Kuljian on the book and, being August, to also celebrate Women’s Month. It was refreshing to hear her speak about how she had the idea to write the book, the stories of the six women, and to draw on some parallels in the South African history of women in science. However, the most revealing moment during this conversation was a discussion on Darwin’s views on gender.

Charles Darwin (1809–1882) advanced the concept of evolution and the theory of selection – the latter linked with the concept of survival of the fittest. In his revolutionary book The Descent of Man5, Darwin argued that men had achieved greater evolutionary advancement in intellectual and creative faculties than women, attributing this to sexual selection and men’s broader opportunities for competition. For example, he wrote:


The chief distinction in the intellectual powers of the two sexes is shown by man’s attaining to a higher eminence, in whatever he takes up, than can woman—whether requiring deep thought, reason, or imagination…5



This reflects a hierarchical view of gender, in which women were seen as biologically destined for nurturing roles, and men for intellectual and creative achievements. Such views are today recognised as sexist.

However, Darwin also emphasised women’s crucial role in sexual selection and in the moral progress of humanity, attributing refinement of emotions and sympathy to women. In that sense, he valued qualities associated with women, but still within a framework of gender essentialism that placed men at the top of an evolutionary hierarchy.

Of course, Darwin lived during the era of Victorian England, which was highly patriarchal, with limited rights for women in education, science and politics, and Darwin’s views largely reflected the dominant assumptions of his social class. Darwin also corresponded respectfully with several female scientists, such as Mary Treat, a naturalist who studied carnivorous plants and insect behaviour. He valued her observations and cited her work in Insectivorous Plants (John Murray, 1875). This suggests that while his writings generalised about women’s ‘intellectual inferiority’, in practice he could respect and engage seriously with women’s scientific contributions.

The conversation underscored that science is deeply embedded within its social and political contexts. Through her scholarship, Christa Kuljian has illuminated how gender and race dynamics influence the pursuit and practice of science. Her reflections offer valuable insights for South Africa’s ongoing efforts to foster a more inclusive and equitable scientific landscape.

The book offers an opportunity to reflect on where we have come from, the challenges of today, and how we can build a future based on respect, tolerance, collegiality and equality.
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There is a double bind to writing about performance art, or live art as it is also called. Generally speaking, live art involves combinations of the body, time and space. It is an ephemeral artistic mode, in which site-specificity and duration are part of its meaning. What, then, does distilling live art into words and images do?

That is the unvoiced dilemma of a book like Restless Infections – a collection of essays reflecting upon art in public space. Specifically, drawing upon 15 years of programming at the University of Cape Town’s Institute for Creative Arts, best known for an annual festival ‘Infecting the City’. Free to the public, the festival’s ambulatory format through central Cape Town follows loosely themed routes. For Jay Pather, the book’s editor, this publication is also a goodbye salute as he hands the reins of the Institute for Creative Arts to a colleague, Nomusa Makhubu. At the book’s Cape Town launch on 5 June 2025, Pather remarked upon “the veracity and pervasiveness of the colonial project”, which the temporary nature of a live art festival cannot undo, but it can “illustrate, connect and communicate with publics”.

Restless Infections “builds an archive that is otherwise invisible”, as Sarah Nuttall proffered at the same launch event. It is indeed an index of cutting-edge contemporary art practice and theoretical framings. Inevitably, many worthy festival artworks are uncited. That inescapable bracketing underscores the rich seam from which emblematic examples are drawn. The book slices into the subject matter from three different angles: site (the city), audience (multiple publics) and thematics (land, home and belonging). Nuttall’s own contribution, framing the first, is a chapter about public art and intimacy – or “the interior that exteriorises itself” (p. 21). Nuttall juxtaposes two filmic works – Ore Phelele (2019) by Mamello Makhetha and Shadow Shame Again (2021) by Penny Siopis. In different ways, they deal with the conflation of public and private space. This in the larger context of pandemic, which Nuttall frames alongside Zadie Smith’s notion of viral contempt and Achille Mbembe’s invocation of “the universal right to breathe”.

That underlying tension echoes in subsequent contributions, along with the everyday nature of performativity, not only in South Africa but possibly any fast-changing city of the Global South. “You do politics where you are”, Nuttall offers. Take for instance Mbongeni Mtshali’s text about open-air temples of the Shembe (Nazareth Baptist Church) whose appropriation tactics institute a different experience of space-time, reflected in the place-making installations of Xolile Mazibuko that involve colonial-era memorial objects. Or Amogelang Maledu who posits “after tears” rituals, which often follow funeral formalities in townships, as part of an archive or site of thinking with black urbanisms.

The second section, angled upon multiple publics, helpfully brings in the perspective of a curator or organiser of public art interventions. In her chapter, Rike Sitas asks what happens when art gets risky and unruly, its inherent messiness invoking larger questions around what benefits the public realm. Sharing this spirit of public encounter, Khanyisile Mbongwa thinks with the transitional and liminal space of township alleyways – or iRhanga – as “a space of unspaciousness, the one we make ourselves”, as she describes it at the book launch. Mbongwa plays in her chapter with narrative form, including diary extracts, in order to echo alleys as unscripted space. Black life, she writes, is “not only an index of suffering and pain, but also of joy and love” (p. 165). I recall well Mbongwa’s 2017 installation at 'Infecting the City', kuDanger!, that repurposed the furniture supply basement of the Drama Department at the University of Cape Town’s Hiddingh campus with a maze-like navigation of ‘unspaciousness’.

Cue the very first time I encountered, in Johannesburg, the work of Sello Pesa and his Ntsoana Contemporary Dance Theatre team, who are regular 'Infecting the City' participants. Their signature approach of reading the specific dynamics of an everyday urban environment, and then slowing things down or speeding things up, plays with the ‘real’ versus ‘invented’ city to blur art and everyday life. Ntsoana’s In House Project (2013) temporarily turned private space public – from homes in Soweto to alleyways in Alexandra. The latter profoundly shaped the development of my own understanding of public space as common space, in which competing claims are constantly enacted, performed and negotiated.

The third and final section kicks off with a powerful essay by Nicole Sarmiento on the durational artwork of Haroon Gunn-Salie, Crying for Justice, installed adjacent to the Castle of Good Hope. Its 188 graves commemorate those who died in detention during apartheid, and highlight unfinished reckoning. It concludes with an epilogue consisting of a conversation between Pather and three artists.

So – how then to catch lightning in a bottle? Archiving performance art is not only the preserve of books and anecdote. Sometimes, just sometimes, it has a real-world afterlife that not even its creator anticipates. As Pesa told me back in 2013, it is the unknown element that is crucial with art in public space. “You are learning to really get lost in the things that you do. You have to accept that you don’t know […] Every time we do it, there is so much we didn’t plan to do. The questions are a starting point for us to get lost. And sometimes, getting lost, you find really interesting things that you were not thinking about. And sometimes they are not digestible.” The seismic protest performance in March 2015, by Chumani Maxwele at the foot of the statue of Cecil Rhodes at University of Cape Town campus, refers. It led to the statue’s toppling one month later, a national social movement, and global reverberations that continue today. What is often missed in this sequence of events is how Maxwele timed his intervention to coincide with 'Infecting the City', which gave him artistic cover. The rest, as we know, is history.
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Why write a memoir? And what is a memoir? It is more personal than a biography because it includes – or is focused on – the writer’s memory. It also often has privileged access to an archive of anecdotes, photographs and letters privately curated. A memoir offers history, in that it holds truth claims: it is a factual rendition of a family, an individual life, or an event. As such, once published, it becomes a vouched-for record in the public space. Usually, it is more sharply focused on a life, or several lives, than the history of a particular period would be. Although it saturated in the economic and social backdrop against which the action unfolds, a memoir holds tenaciously to life accounting as trunk and branches. Context and the remembered life illuminate each other, but the life is foreground. So a memoir is not a biography, nor a history, but an intimacy shared, and this is perhaps why it is so popular a literary format.

Memoirs can be many things: a celebration of an extraordinary life; an account of a life lived in extraordinary circumstances; or an attempt to set the record straight, to correct an historical narrative gone awry. Fame and infamy are often in the mix, as are illness and recovery, trauma and resilience. They capture our attention because they let us into the intimate spaces of people we idealise or despise – the Obamas, upon whom such hopes were pinned, or serial killers we dread to stumble across in our own back yards. They work to materialise good and evil fantasies. But they frequently do something more magical than that: in recounting daily routines with all their deskfuls of receipts and bills, emails and bus tickets, they attach us firmly to the ordinary, and here lies one aspect of their significance. The mirror held up to the ordinary allows us to identify the memoir’s subject, to see our lives mirrored there too, to find a way of belonging as our fantasies prompt us to do.

Posel’s Darker Shade of Pale is a memoir – an account of the life of her grandfather Maurice. The circumstances were extraordinary, covering the migration of Jewish families out of the Russian Empire and the Pale of Settlement across the seas towards lands of opportunity in southern Africa. The shtetls left behind and the new communities that rapidly became home have been the subject of substantial research projects and carefully curated archives, mapping every aspect of the movement from the Pale to various parts of the world, including South Africa. The care of the curation has of course a mission: to record both persecution, death and loss, but also survival. Not just any survival – a flowering of success, whether that be measured in terms of education, wealth or influence. While covering some of these bases, Darker Shade – as its title implies – is not about a movement from the dark into the light; in fact it disrupts that narrative arc at every turn. Neither is it about an idealised past life lost, a collapse into a landscape of shadows. It sets the record straight, daring to dance between the dark and the light. The Jewish communities that emigrated from the Pale had mixed skills, access to wealth and family support. Some moved swiftly into wealth, fame and influence. Some remained relatively poor. For some migration brought betrayal, hardship and illness. Others flourished by dabbling in occupations of dubious legitimacy, getting entangled with speculation, fraud, the sex trade and disputatious family relationships. In a discursive tour de force, Posel turns on the one hand to the rags-to-riches histories of Jewish diasporas and seems to say: “We weren’t all good, neither were we all victims who had to fight to survive.” Then – quite brilliantly – she turns those who hold obdurately and judgmentally to a narrative of an inward-looking, exclusive and exploitative Jewish community, popularly represented in caricatures of Jews as avaricious money-lenders, and seems to say:


For each act of seclusion or exclusion, there were ten or fifteen of integration, and of mingling in defiance of colonial racism. Mingling for both profit and in the service of common humanity.



Darker Shade of Pale is therefore far more than a memoir of a grandfather. It does hold Maurice Posel in memory, with all his solidity and disappointments and silent demeanor. In the narrative surrounding him there are accounts of the excitements of archival hunts, and the painstaking work of building a family tree. What emerges is not only an understanding of how Maurice came to be as he was, but also sketches of shtetl life and gendered divisions of labour, journeys by ship, trade across the colonies of South Africa, of buying and selling land, of mining magnets and hardworking traders giving food and goods to miners, both white and black. And the recurrent tapestry across generations of family myths and farribels, a generous flow of connectedness carrying envy and animosity as well as protectiveness and love.

At a time in history when Jewish identity is more than ever the subject of heated debate and strong feeling, with the rifts between good and evil around the meaning of homeland and belonging producing horror headlines day after day, Darker Shade of Pale insists on a story that demands the reader pay attention to ambivalence, complexity, security shadowed by transience, and splits that break open and close endlessly. It is a gripping, artful and elegantly written book, with a deep scholarly reach that directs the interested reader beyond its pages to a wealth of knowledge, both academic and biographical.
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In the eighth volume of the Democratic Marxism series, decolonial international relations professor and Democratic Marxism Editor, Dr Vishwas Satgar, has assembled a compelling collection of chapters that critically examine the concept of “digital technotopia” – the widespread belief that digital technologies will inevitably solve humanity’s problems while transforming society for the better. This volume focuses on the actual impact of artificial intelligence, digital platforms and algorithmic management on societies worldwide.

The volume addresses pressing questions about the Fourth Industrial Revolution (4IR) narrative that dominates global policy discussions. Rather than accepting technological determinism, the contributors examine how digital technologies intersect with existing power relations, labour processes and environmental challenges. The collection is structured around three themes: examining the risks of digital technotopia, analysing power dynamics in digitised labour processes, and exploring emancipatory alternatives.

In the opening chapter, Satgar provides an incisive and comprehensive framework that highlights what he calls the “dangerous contradictions” of digital capitalism. His analysis links surveillance capitalism, artificial intelligence risks, cyber warfare, and environmental extraction to broader patterns of capitalist crises. Drawing on Walter Benjamin’s critique of industrial progress, Satgar positions current digital transformations within historical patterns of technological change under capitalism.

The empirical contributions in Part Two provide valuable insights into how digital technologies affect workers and communities. Ruth Castel-Branco, Seipati Mokhema and Edward Webster’s study of digital platform workers across the Global South documents emerging forms of organisation among Uber drivers, delivery workers and other platform-based labourers. Their research challenges assumptions that organised labour has become irrelevant, showing instead how workers develop new strategies to contest algorithmic management.

Vincent Siwawa’s examination of waste picker platforms in South Africa reveals how multinational corporations use digital technologies to organise informal recycling while maintaining control over workers. His detailed analysis of BanQu, Kudoti and Regenize platforms demonstrates the complex power dynamics within digitised informal economies.

Alex Mashilo’s contribution draws on his experience as both an automotive worker and a union negotiator to examine how the adoption of robotics and digitalisation affects employment and bargaining power in South Africa’s automotive sector.

Jane Duncan’s analysis of mass digital surveillance offers informative context for understanding how intelligence agencies have adopted the 4IR ideology. Her examination of South Africa’s National Communication Centre and the Constitutional Court’s 2021 ruling on surveillance laws illuminates the tension between technological capabilities and democratic accountability.

Ujala Satgoor’s chapter on libraries and digital equity in South Africa presents a nuanced perspective on the role of technology in addressing social issues such as literacy. Her analysis demonstrates how digital interventions can complement, but not replace, broader efforts to establish a reading culture, underscoring the importance of community-centred approaches to technology implementation.

The final section explores alternative approaches through Michel Bauwens and colleagues’ commons economics framework and Michael Kwet’s digital degrowth proposal. These authors’ contributions connect digital transformation to environmental sustainability and decolonisation, arguing that technological change must be embedded within broader social and ecological transitions.

The collection’s strength lies in its materialist analysis that situates digital technologies within existing social relations rather than treating them as autonomous forces. The international scope, particularly the attention to Global South experiences, provides perspectives that are often missing from technology debates dominated by Northern institutions. The integration of environmental concerns with digital politics addresses an important gap in critiques of contemporary technology.

The contributors successfully demonstrate that questions about artificial intelligence, platform work and digital surveillance cannot be separated from broader issues of democracy, inequality and ecological sustainability. The volume provides essential analytical tools for understanding how digital technologies both reproduce existing inequalities and create new possibilities for social organisation.

For scholars in political economy, labour studies and science and technology studies, this collection offers valuable frameworks for analysing contemporary technological change. The book’s interdisciplinary approach and focus on power relations make it accessible to readers interested in understanding how digital technologies shape contemporary society.

The volume succeeds in challenging technotopian assumptions while identifying concrete examples of resistance and alternative approaches. Through thought-provoking analyses, the contributors demonstrate that with adequate analytical tools and effective political strategies, technological futures remain open to contestation and democratic shaping.
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I approached this book review with some hesitation as I anticipated that my perspective might be overly defensive or even conflicted. Although policy is ultimately made by politicians and legislation by parliamentarians, I was employed at South Africa’s National Department of Health and was responsible for coordinating and drafting many of the policy documents and the legislation under analysis in this book. But I was persuaded that the reason I was being asked to do this review was precisely the reason I thought I should decline. This then is as much my subjective response to a book that analyses policies I was responsible for drafting, as an objective review of it.

This book utilises an analytical approach developed by Carol Bacchi, a political scientist from Australia, in which, irrespective of the subject matter, the key question that is asked is ‘What is the problem represented to be (WPR)?’ The idea is that if one fully interrogates how the ‘problem’ is represented in policy, as well as the underlying assumptions of how these representations came about, it becomes feasible to not only better understand why the policy is what it is, but also to change it in accordance with the findings of this novel approach. In this case the analytical focus is on how mental health in South Africa is conceptualised and constructed in public policy.

This is an intriguing method for examining policy and legislation, and I read the book with great interest and with the hope of both gaining new insights into the policies already written and that potential new ones would be improved as a result of this approach. [This was despite the prospect of being ‘exposed’ and potential anomalies being revealed. Were we as the drafters unduly biased in any particular direction – consciously or unconsciously? Were we prejudiced? Did we simply get things ‘incorrect’ due to ignorance or ideology?] Unfortunately, and I concede that this may be my defensiveness, the problem areas that were identified by the authors as being the dominant representations were indeed the problems that we as drafters and policymakers felt needed attention and focus and hence the added insights were limited. There were also few surprises with respect to the assumptions that were identified as being behind the policy and legislation. For example, we were certainly aware as drafters of pitfalls such as falling into the medical model, but we also knew that these were policies of the Department of Health and that we were already stretching certain limits by, for instance, making the social determinants a central theme. Moreover, without having a diagnosis, the Department of Health would battle with practicalities such as ordering medication or calculating prevalence and hence writing the medical model out of policy would not have been possible or desirable. In addition, there was little by way of clear suggestions or proposals arising from the analysis of what a more progressive or enlightened mental health policy focus should be for South Africa. As such I found the book a little disappointing.

One important issue that was identified was the lack of, or poor, implementation of the policies. This issue is well known by most people in the public mental health and policy space in South Africa. But it reflects not just a problem of the disjuncture between policy and implementation in mental health, but in health more generally and indeed across government departments. Although the analysis does propose that there should be more accountability bult in and more assistance provided to provinces, and these are good suggestions, the problem of implementation is a deeper one that needs broad governmental and structural intervention.

The analysis identified five dominant problem representations in the policies: (1) the separation of mental health from general health services; (2) lack of intersectoral collaboration in mental healthcare services; (3) a disconnect between communities and mental healthcare services; (4) the link between poverty and mental health problems; and (5) the infringements of human rights of people with mental health problems. While I would probably have added a few other themes to this list, I felt somewhat vindicated as what had been prioritised as problems through this analysis are indeed problem areas that need concerted attention in policy and legislation.

The WPR method looks for both the explicit and implicit representations. This is done with respect to each “problem representation”. I am unsure whether this is a problem with the method itself or its application in this book, but by siloing each problem representation, the book sometimes loses sight of the holistic nature of the policies. For example, the critique of integration into general health care suggests that this focus assumes accessibility alone will solve the challenges of mental health care, overlooking service quality, training, social conditions and stigma. Yet these dimensions are addressed elsewhere in the policy framework. Similarly, when poverty is critiqued as being overemphasised, the conclusion arises only if that theme is examined in isolation. This tendency risks misrepresenting the intent and scope of the original policies.

Other shortcomings reduce the book’s authority and I wondered whether the authors should have perhaps included an additional author who is more steeped in the mental health policy and legislative environment. For example, discussion of the law is particularly limited. A large section in Chapter 2 addresses criminal law (forensic psychiatry) while giving inadequate attention to the Mental Health Care Act of 2002 – a central piece of legislation that is in fact one of the documents chosen by the authors for specific analysis. When the Act is discussed, important protections – such as safeguards against unwarranted admission and treatment – are underexplored. Later the role of Mental Health Review Boards is inaccurately described. The book quotes the Act as saying that the Boards must “advocate for service users’ needs and protect their rights”, yet the Act specifies far narrower functions. This inaccuracy appears to stem from a misreading of later policy frameworks.

Chapters 2 and 3 provide useful overviews of how mental health is conceptualised and politically managed in South Africa, but they rely heavily on older references. Of 82 references in Chapter 2 and 52 in Chapter 3, only 3 in each were published after 2020. Mental health research is a rapidly evolving field, and engagement with more recent scholarship would have enhanced the book’s relevance and possibly altered some critiques.

Despite these limitations, the book has significant value. Its main contribution lies in showing how analytical frameworks from outside the health sector – such as political science and governance – can yield new insights into policy. By examining both explicit and implicit assumptions, the WPR method highlights dimensions that may be overlooked by policymakers in mental health themselves. Interdisciplinary engagement of this sort should be encouraged.

The book is concise and accessible, although the small font in the hard copy makes it less reader-friendly. I would recommend that people involved in mental health policy, researchers and others in mental health both in South Africa and globally read it. Policy drafters should also seriously consider utilising the WPR methods when developing and reviewing policy and legislation, and include people from different disciplines in this process.
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Makhosazana Xaba has translated Frantz Fanon’s seminal work The Wretched of the Earth into Zulu, adding a powerful voice to the growing movement for research, teaching and learning in indigenous languages in South African academia. Frantz Fanon’s Les Damnés de la Terre (1961) is the original version, written in French during Algeria’s anti-colonial struggle. The book has been translated into more than 17 languages.1

Key themes

Colonial violence and psychological trauma

The Zulu translation of Fanon’s exploration of revolutionary violence in decolonisation preserves the profound significance of this concept by carefully retaining key terms, such as the Latin phrase “tabula rasa”, which highlights the psychological necessity of purging colonial violence to reclaim dignity and agency. Employing culturally resonant Zulu expressions such as abantu bengabade (natives), inzukaskeyi yekholoniyalizimu (colonial oppression), iphango (hunger), imikhonto (spears) and izagila (striking sticks), the translator skillfully maintains both the literal and ideological intensity of the original text. These deliberate linguistic choices maximise semantic equivalence and deepen the translation’s cultural relevance, ensuring that Fanon’s message resonates powerfully with Zulu-speaking audiences and aligns with contemporary orthographic practices, thereby enriching the discourse on liberation and decolonial struggle in the South African context.

Mental health under colonial conditions

The source text emphasises the deliberate use of scientific terminology to underscore the extent of the psychological damage inflicted by colonialism on both the colonisers and the colonised. The Zulu translation mirrors this approach by reintroducing these scientific terms to bridge the language gap and preserve conceptual clarity. Terms such as ‘psychotic reaction’, ‘psychotic pathology’ and ‘systematic contraction’ are retained in the target (Zulu) text, serving to maintain semantic precision and convey the complex psychological discourse present in the original.

In addition, the translator borrows certain terms to ensure that the intended meaning is accurately transmitted. These borrowed terms are seamlessly integrated following Zulu grammatical structures. Some examples are included in Table 1.



Table 1:The use of the borrowing technique



	Term used
	Source text

	Ukudikholonayiza
	Decolonisation

	Amakholonisti
	Colonists

	Umkholonisti
	Colonist

	Amabhalekisi
	Barracks





Fanon draws on his clinical experience to illustrate how colonial oppression leads to the development of mental health challenges. The Zulu translation closely mirrors the source text, particularly in the sections where Fanon explains his rationale for addressing mental health within political and philosophical work. The translator skillfully selects culturally appropriate and context-specific expressions, such as ‘ukwethuka izanya’ (to be shocked to the point of madness), which is more precise than the more general ‘ukwethuka’ (to be shocked). This strategic use of idiomatic language enhances the semantic depth and maintains the emphasis on mental health present in the source text. Fanon presents specific psychiatric case studies to demonstrate the connection between systemic oppression and psychological suffering. These cases are retained in both structure and meaning in the Zulu translation, ensuring fidelity to both the content and the intent of the source text.

Building Zulu resources for research, teaching and learning

Scholars like Ndlovu-Gatsheni2 and Kessi, Boonzaier and Gekeler3 advocate for embedding Fanon’s ideas within African epistemologies and Indigenous knowledge systems to move beyond Eurocentric frameworks – a vision that aligns with institutional initiatives such as those at the University of KwaZulu-Natal. The University of KwaZulu-Natal has pioneered bilingual teaching models and terminology development, creating accessible academic books and materials, such as this book, that ensure conceptual accuracy in complex subjects like psychology. The availability of such books as academic material facilitates conducting research and instruction in Zulu, deepens cultural validity, improves comprehension and fosters greater inclusion. The availability of well-developed Zulu academic resources bridges global revolutionary thought with local linguistic and cultural contexts, thereby enriching both scholarship and practice in South Africa’s decolonial academic landscape.

Overall rating

The Zulu translation of The Wretched of the Earth is a vital academic and cultural contribution that aligns with national policies promoting multilingualism by making complex psychological and political ideas accessible to Zulu-speaking audiences. Xaba’s thoughtful terminology choices demonstrate a deep understanding of both the source text and the Zulu language, enhancing cultural validity and comprehension while preserving the original intellectual depth. This translation is highly relevant to contemporary readers, particularly those engaged with issues of colonialism, liberation and mental health in South Africa. Serving not only as a scholarly resource but also as a catalyst for social change, the book bridges global decolonial theory with local realities, enriching teaching, research and activism. It is likely to be read by students, scholars, mental health professionals, activist, and others interested in decolonial thought and the country’s socio-political challenges.
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Significance:

The forensic autopsy, in many respects, remains rooted in medieval practice. In today’s world of escalating caseloads, human resource shortages and increasing demands on forensic pathology services, this traditional model has become unsustainable. Forensic pathologists now face mounting fatigue and burnout, while institutions struggle with staff shortages and growing backlogs. In resource-constrained and resource-depleted environments, the challenge is not only to keep up with the workload but to preserve the integrity and quality of the forensic system itself. All this must be done while upholding standards and ensuring that the forensic autopsy is adequate.






Background and rationale

This article explores innovative approaches to streamlining the medico-legal investigation of death by rethinking processes so that our limited resources are applied where they are needed most.

By adopting smarter, more efficient strategies, forensic pathologists can conserve resources, improve throughput, and focus on matters of true medico-legal importance. As the global population expands, and demands on forensic pathology services intensify, the profession must urgently reconsider how autopsies are conducted, shifting towards models that are both sustainable and labour-efficient.

Streamlining the forensic autopsy would transform forensic pathology from a labour-intensive, artisanal practice into a smooth-running, evidence-driven system capable of handling modern-day caseloads. It would reduce burnout and fatigue among practitioners, improve efficiency, and allow scarce human resources to be deployed where they are most needed. Such innovation would help maintain standards and credibility, even in resource-limited settings. Ultimately, it would secure the long-term sustainability and resilience of forensic pathology in the face of rising global demands.

Many forensic pathologists in South Africa work under constrained resources while playing a key role in the justice system. The heavy workload of daily forensic casework leaves little time for advocacy, policy input or planning to improve forensic pathology services.1

Here, the author explores how long-standing autopsy practices might be improved to better meet the needs of modern forensic pathology. By questioning established routines, this perspective encourages the field to adapt and evolve in step with contemporary demands. Streamlining the forensic autopsy is ultimately about strengthening the quality of the medico-legal death investigation system while supporting the sustainability of the practitioners who carry it out.

Current landscape and challenges

Forensic pathology might better be called public safety pathology. The duty of the forensic pathologist is to safeguard the health and safety of their community. Most civilised societies have some sort of death investigating system. In general, about 1% of the population dies every year, and about 20% of those deaths are of such a nature as to require forensic investigation.2

In 2018, the number of forensic pathologists in South Africa was estimated to be 50. This number was deemed woefully inadequate for a country such as South Africa with a population of approximately 57.78 million at the time.3 In 2022, the number of forensic pathologists was estimated to be 60, and in 2024, the number of forensic pathologists was estimated to be 80–90 for a population of 64 007 187.3

The population of South Africa at the time of writing is 64 902 605.3 At present, the Health Professions Council of South Africa lists approximately 80–90 registered specialist forensic pathologists. Considering the definition of unnatural death, South Africa’s baseline unnatural death rate, compared with other medico-legal systems worldwide, as well as insights from selected forensic pathologists, South Africa requires approximately five or six forensic pathologists per million people.4 South Africa therefore needs 380 forensic pathologists to deliver a quality forensic pathology service.

As forensic science advances, the need for forensic pathology services will also grow. The number of new specialists being trained is far too low to replace those expected to retire over the next 10–15 years.1 We will also have to look at net additions to the workforce, for example forensic pathology assistants. (Each specialist forensic pathologist requires two or three assistants per autopsy). South Africa therefore requires approximately 760–1140 Forensic Pathology Officers (mortuary technical assistants) for our medico-legal laboratories. We must either expand recruitment and training, improve staff retention or fundamentally reconsider the autopsy process itself. The purpose of this perspective is to advocate for modernisation of the forensic autopsy and the medico-legal investigation of death. Extraordinary progress in recent years has enabled the judicial system to become faster and more efficient. Decisions are now more scientifically grounded. Sadly, the same type of thinking has not been applied to the forensic pathology space.

The time has come for a critical rethink.5

Contextualising the issue

Forensic pathology, driven by the need for justice, has evolved with changing scientific, technological, social and legal contexts. As a science, it keeps advancing, with people’s honour and freedom at stake. While variations exist across countries, the core philosophy of forensic pathology remains consistent: applying medical knowledge and methods to address legal questions and challenges for individuals and society, thereby supporting the administration of law and the pursuit of justice.6

Internationally (e.g. USA, Australia, Canada), medico-legal autopsies are performed by a forensic pathologist (known in the USA as a ‘medical examiner’) assisted by trained technicians, with the forensic pathologist directing the procedure and bearing ultimate responsibility for the findings. In all jurisdictions, the forensic pathologist is accountable for the accuracy of the post-mortem examination and the final report, ensuring comprehensive assessment of all organs and intervening tissues.

Although the prevailing international standard places ultimate responsibility on the forensic pathologist, exceptions do exist: Toronto occasionally utilises “physician assistants” in autopsy practice, and some US medical examiner offices employ a supervised assistant model (often “pathologist assistants”) for straightforward cases such as drug overdoses, while the forensic pathologist remains ultimately accountable for the final report and conclusions.

In South Africa, medico-legal postmortem examinations are carried out by an authorised person, appointed by the Province, on the body of a person who has allegedly died from unnatural causes, as soon as is reasonably possible. The National Code of Guidelines for Forensic Pathology Practice (2018; Government Gazette No. 41524), established under the National Health Act 61 of 2003, authorises Forensic Pathology Officers (mortuary technical assistants) to conduct eviscerations and organ removals under the oversight of a qualified medical practitioner, in accordance with their designated scope of practice and job responsibilities.7 Autopsies are currently conducted by a range of medical practitioners. Some hold a Diploma in Forensic Medicine, while others have completed a Master’s in Forensic Pathology. In certain rural areas, however, autopsy services are provided by general practitioners who may not possess advanced qualifications in forensic medicine or forensic pathology.

Defining the problem space

Forensic Pathology Services in South Africa suffers from excessive caseloads, a severe shortage of trained specialists, backlogs and inadequate resources. The purpose of this perspective piece is to ask the difficult questions:


	•
How can the forensic autopsy process be optimised for efficiency while still meeting the minimum requirements for adequacy?


	•
How can medico-legal death investigation systems maintain an ‘adequate’ standard despite chronic underfunding and understaffing?




Clearly, a balanced, data-driven approach integrating resource realities with technological and ethical considerations is urgently needed to strengthen our system.

Historical context

The autopsy itself has not changed significantly over the last century. In 1915, Wadsworth criticised Virchow’s second autopsy protocol from 1876, saying it showed how pointless it can be to follow a strict routine. He noted that after hours of examination and a long report, the key detail – a gunshot wound – was barely described, with no proper information on its size, direction or relation to the weapon. Wadsworth argued that a thoughtful, focused examination could have revealed everything important in minutes and in just a single paragraph.8,9

Forensic pathology continues to be the primary domain where autopsies are performed.2 Significant financial implications may hinge on whether a death was caused by a workplace injury or not, or whether a heart attack occurred prior to, during or following a motor vehicle accident. Forensic pathology is the study of diseases and injuries of the community. The costs of not modernising the forensic autopsy will therefore be greater than the costs to modernise it.

Although autopsies have been done for thousands of years, there is still no clear agreement on what a ‘complete’ autopsy should include. Forensic pathologists differ in their approach, often balancing legal duties, ethical duties, workload and practical limits on what can realistically be examined.

Using an evidence-based framework focused on legal requirements, essential findings, and maintaining professional skill can help ensure that the forensic autopsy is as complete as possible.10

There are two types of autopsies performed by forensic pathologists: autopsies of discovery and autopsies of confirmation.10 Autopsies of confirmation focus solely on recording findings. For instance, when a death occurs under anaesthesia, the goal is simply to document what happened and what was found. In contrast, an autopsy of discovery is one performed for a sudden unexplained death.

The idea of a ‘minimal data set’ means that forensic pathologists have duties that go beyond determining the anatomical cause of death, because certain findings can still be valuable to society and the justice system. Matshes et al. described a case in which a forensic pathologist identified a ruptured aortic dissection in a 23-year-old woman and might have felt their legal duty was fulfilled, yet the family was not truly served unless the underlying connective tissue disorder (for example, cystic medial degeneration) causing the dissection was also recognised.10

Effective legal medicine is essential for achieving justice. The autopsy remains a vital tool in advancing both medical and legal education. Autopsies may reveal the impact of unhealthy habits or undiagnosed conditions, emphasising the need for regular check-ups, lifestyle changes and disease prevention. Autopsies highlight societal well-being, show how genetics, environment, lifestyle and chance affect health, stressing the need for well-rounded health care. They can also reveal mistakes or missed diagnoses, highlighting the importance of learning from errors to improve diagnosis and patient care.

The forensic autopsy needs to stay effective as technology and society change. The forensic autopsy serves the public interest, and extends beyond the requirements of the criminal justice system.11

The data show that autopsies may spark medical research and innovation, thereby advancing treatments and technologies and the understanding of diseases. They also reveal emerging threats, such as new synthetic chemicals, making research in autopsy essential for addressing complex societal challenges.12 Insurance claims also rest heavily on the findings of forensic pathology autopsies.

Performing an autopsy can be a labour-intensive exercise. Especially when it comes to evisceration, dissection and organ prosection by the forensic pathologists themselves. This is one of the key reasons why the attrition rate is so high. Many forensic pathologists experience burnout and exhaustion, especially in areas with high caseloads. Full-time forensic pathologists tend to work in large cities, primarily because a reasonably large population base is required to support a full-time forensic pathologist.2

Smart solutions

Thirteen smart solutions are hereby suggested to help streamline the forensic autopsy, and ultimately the medico-legal investigation of death:


	1.
The Eviscerator-Prosector Method – In this approach, the forensic pathologist provides overall supervision while delegating the labour-intensive steps of evisceration, dissection and organ prosection to trained Forensic Pathology Officers (mortuary technical assistants). Separate teams are assigned to each stage. If a dedicated scribe is unavailable, Automatic Speech Recognition, Speech-to-Text or End-to-End Neural Speech Recognition systems may be used. This division of labour streamlines the postmortem examination process, optimises workflow and increases the forensic pathologist’s availability for teaching, learning, research and diagnostic interpretation. This solution may work best for high-workload environments. Extensive research confirms that teamwork – embodying the ‘many hands make light work principle’ – consistently leads to better performance, efficiency and satisfaction in organisations and teams.13-15

In practical terms, the eviscerator–prosector method involves a structured division of labour during the autopsy. One team member performs the evisceration, another systematically dissects the organs (the prosector), while the forensic pathologist documents findings in real time and supervises the entire workflow, providing interpretive oversight and ultimately assuming full responsibility for the conclusions and formal sign-off. The benefit of such a system is that it distributes the operational workload across the team, thereby freeing the forensic pathologist to focus on higher-order functions such as teaching, learning, research and expert interpretation. Another team member may take photographs, specimens and samples for academic and evidentiary purposes.


	2.
Forensic Autopsy Triage Protocols – In this approach, evidence-based guidelines may help distinguish natural deaths from unnatural deaths (for example, homicides, deaths-in-custody, suspicious deaths vs natural, well-documented cases). Triage may also help reduce unnecessary autopsies while preserving medico-legal integrity. Natural deaths may come under the jurisdiction of a forensic pathology service when the circumstances surrounding the death are uncertain, unexplained or potentially unnatural at the time of reporting. In such cases, a forensic postmortem examination is required to exclude unnatural causes, to confirm the medical cause of death, and to address any legal or public health considerations.

The diagnosis of unnatural death may be challenging for medical practitioners, and the use of a structured algorithm supported by multidisciplinary review – potentially through a dedicated death review board composed of a general practitioner, law enforcement, judicial representation, social services, and a forensic pathologist – could assist in improving consistency and oversight.


	3.
Digital Case Pre-Screening – Electronic intake systems can be implemented to capture the medical history, scene information and investigative reports prior to autopsy. Pre-screening may help trim the workflow and prevent redundant procedures. Consideration could also be given to deploying personnel trained in medico-legal death investigation or those holding a BSc or MSc in medical criminalistics to pre-screen cases prior to autopsy, in much the same way that nursing staff triage and screen patients before admission.


	4.
Minimally Invasive Forensic Autopsies16 – Targeted dissections may be utilised. For example, needle biopsies and endoscopic approaches may be used as alternatives to full autopsy where appropriate. Minimally invasive autopsies may conserve time, reduce staff fatigue, reduce occupational health and safety risks, and maintain diagnostic yield.


	5.
Virtopsy / Imaging-Based Forensic Autopsy / Tele-Forensic Pathology – Incorporating postmortem CT, MRI, ultrasound and 3D scanning may complement or even replace traditional autopsies. Virtopsy has been proved to be effective in cases of blunt force trauma, fractures, foreign body detection and high-volume triage.17,18 Virtopsy represents a global shift toward imaging-based postmortem examination, offering technological benefits and improved cultural and religious acceptability by avoiding invasive dissection. Interpretation of these studies sits at the intersection of radiology and forensic pathology, with radiologists providing image analysis and forensic pathologists integrating findings into medico-legal conclusions. Optimal practice relies on collaborative reporting or cross-training to ensure accurate and context-appropriate cause-of-death determination. Certain well-resourced medico-legal facilities around the world use postmortem CT prior to autopsy. In settings in which no formally trained forensic pathologist is available, tele-forensic pathology may be considered as an adjunct to support medico-legal death investigation.


	6.
Standardisation and Lean Process Engineering – Lean and Six Sigma (LSS) are widely used methods to improve efficiency, cut waste and enhance quality across industries. LSS merges Lean’s focus on speeding up processes and reducing waste with Six Sigma’s aim to minimise defects and stabilise processes, creating an effective approach to operational improvement.19 LSS is therefore a well-structured, data-driven methodology that integrates waste reduction with process variation control to improve efficiency, quality and reliability within complex systems. Such methodologies may be applied to forensic autopsy workflows, which may help enhance standardisation, reduce bottlenecks and ensure quality control. LSS may enable systematic improvements through approaches such as DMAIC (Define, Measure, Analyse, Improve, Control). This integrated framework facilitates the standardisation and simplification of processes, reduction of errors, optimisation of workflow and enhancement of employee development, ultimately improving operational performance, reliability and stakeholder satisfaction. LSS has been widely applied in healthcare, laboratory and industrial settings to optimise efficiency, modernise, reduce costs and increase service quality.20


	7.
Centralised High-Throughput Autopsy Centres – Regional mega-mortuaries staffed by specialised teams – such as trauma, paediatric and toxicology units – would enable the efficient management of large and complex caseloads. This model mirrors the principles of centralised laboratory testing, where consolidation improves capacity, standardisation and overall service quality. Implementing large-scale batching of toxicology samples, for example, could substantially reduce analytical bottlenecks and help prevent backlogs.


	8.
Task-Sharing and Workforce Redesign – Delegate tasks such as external examinations, toxicology sampling, photography, and evisceration to trained Forensic Pathology Officers (mortuary technical assistants). Delegation frees forensic pathologists to focus on interpretation, teaching, learning and decision-making.13-15 Task-sharing and workforce redesign should also include the delegation of cleaning, administrative, storage and archiving functions, guided by standardised protocols to maintain quality and medico-legal standards. Teams tend to succeed when they demonstrate effective coordination, clear communication, adaptability, and operate within supportive organisational environments.21


	9.
Artificial Intelligence (AI), Digital Solutions, Robotics and Machine Learning – Employ AI for image recognition, toxicology interpretation and predictive analytics in cause-of-death classification. AI may enable rapid triage and help reduce manual workload. The Fourth Industrial Revolution has accelerated the integration of robotics and AI into workplaces, creating opportunities to merge technology with real-world practice. Drones and mobile quadruped agile robots may be used for high-risk and hazardous death scene investigation (such as fires, chemical or radioactive death scenes), thereby protecting staff from occupational health and safety risks.22 Digital solutions developed within the legal sector – such as applications (‘apps’) or secure messaging platforms – could provide real-time updates on the attendance of all court participants, thereby reducing the substantial time and travel burdens currently experienced by forensic pathologists who often arrive in court only to find that key parties are absent, or that the matter has been postponed.


	10.
Selective Ancillary Testing Strategy – In forensic pathology, it is not possible to perform a truly ‘complete’ autopsy that includes every imaginable test.10 This will bankrupt the entire system. Replace blanket toxicology, histology, microbiology and molecular tests with targeted, risk-stratified testing. Selective testing, or outsourcing of testing, may help reduce costs and turnaround time while maintaining diagnostic accuracy.


	11.
Continuous Quality Assurance and Accreditation Alignment – The implementation of feedback loops, benchmarking and international best-practice audits may help ensure sustainability, credibility and compliance with global forensic standards.


	12.
Private–Public Partnerships – Family-requested autopsies and private forensic autopsies may be performed on a private basis by appropriately qualified specialist forensic pathologists registered with healthcare funders and in possession of a valid PCNS (Practice Code Numbering System) specialist number. Outsourcing special investigations – such as CT, MRI, molecular studies, histology and toxicology – may also help decrease pressure on the medico-legal death investigation system.


	13.
A SWOT Analysis of the Medico-legal Death Investigation System – Streamlining the medico-legal death investigation system to improve efficiency and timeliness represents a complex, multifactorial challenge that cannot be addressed by focusing on the forensic autopsy alone. Forensic Pathology Services operate within diverse organisational models – some integrated with academic institutions that prioritise teaching, research and training obligations, while others function in rural or resource-constrained settings with limited personnel and infrastructure – creating heterogeneous operational realities across jurisdictions. Effective reform must therefore encompass the entire medico-legal death investigation system, including forensic pathologists, detectives, prosecutors and laboratories, while engaging all relevant stakeholders to ensure buy-in and sustainability. Central to any successful transformation is the establishment of a truly independent Forensic Pathology Service supported by a ring-fenced budget and protected from competing institutional demands. A comprehensive review and modernisation of the legislative and regulatory framework is also recommended. A structured SWOT analysis should be conducted at national and provincial levels to identify specific strengths, weaknesses, opportunities and threats, with targeted, evidence-based interventions subsequently developed and implemented for each identified pillar, thereby providing a systematic pathway toward sustainable improvement in forensic autopsy turnaround times and overall service delivery.




Understanding the scale and significance of the issue

While many of the proposed smart solutions have the potential to improve efficiency and resilience, their implementation inevitably requires financial investment; in the absence of additional government funding, Forensic Pathology Services will need to rely on strategic prioritisation and evidence-based optimisation of existing resources to sustain service delivery.

There is a real concern that any unexpected surge – whether a mass disaster or a public health crisis – could overwhelm a system already operating at the limits of its capacity.

The proposed smart solutions must be balanced against practical constraints. With limited resources and staffing, forensic pathologists continue to do the very best we can with what we have, prioritising certain cases and maintaining a focus on high-quality, evidence-based reporting.

In a resource-limited setting, it is essential to allocate both material assets and human capital to ensure the sustainability and effectiveness of Forensic Pathology Services.

Implications for South Africa

Data show that the most recent forensic medicine textbook in South Africa was published in 1988.23 The population in South Africa was approximately 38.48 million people at the time of publication.3 As mentioned, the population of South Africa at the time of writing is approximately 64.9 million.3 There has thus been an increase of 26.42 million people in South Africa in the last 37 years. The medico-legal infrastructure in South Africa has not changed significantly in the past 37 years.24

In the USA, a data-driven predictive model for the supply of pathologists (the Robboy model) was published.25 It combined multiple data sources to forecast how retirements, training output and demographic change would affect workforce numbers and patient access to pathology services. Overall, the predictive analysis issued a clear warning of impending shortages and urged educators, policymakers and professional bodies to expand training capacity and adapt to evolving market forces.

South Africa currently faces an acute and entrenched forensic pathologist crisis. Salary disparities, limited postgraduate training positions and an aging workforce are driving emigration and urban–rural maldistribution.

Without immediate annual expansion of residency posts, improved remuneration and accelerated implementation of technologies and task-sharing, South Africa faces a severe collapse of forensic pathology services.

South Africa, with our high unnatural death burden, demands urgent, scaled interventions to prevent catastrophic impacts on diagnostics and equitable care.

The Robboy model offers a blueprint and serves as a stark warning.25 Not having enough pathologists will negatively impact services, especially as diagnostic demands grow. The purpose of this perspective is to help model a framework to forecast South Africa’s needs, emphasising greater investment in the medico-legal investigation of death, rethinking how we perform autopsies, and targeting new forensic pathologists through expanded training and retention strategies.4,25

Data indicate that South Africa’s forensic pathology service is under strain, resulting in case backlogs, with only 80–90 specialist forensic pathologists serving a population exceeding 64 million in the context of approximately 70 000 unnatural deaths annually; in certain rural areas, autopsy services are provided by general practitioners who may not possess advanced qualifications in forensic medicine or forensic pathology. This burden is compounded by high individual caseloads (often > 250 autopsies per forensic pathologist per year), marked provincial disparities and persistent backlogs in toxicology and DNA analyses. Ongoing emigration and occupational burnout are further undermining the capacity and sustainability of medico-legal services.

Conclusion

Despite ongoing constraints in funding and personnel, forensic patho-logists remain committed to delivering high-quality work with meaningful societal impact, even as we continue to advocate for the sustainable infrastructure that our communities so urgently require.

Using tools such as advanced imaging, molecular tests, artificial intelligence, robotics, tele-forensics and data analysis – together with better staffing and clear and intelligent policies – the forensic autopsy, together with the medico-legal investigation of death, can be modernised, scaled and strengthened.

If decisive action is not taken to invest in streamlining the forensic autopsy process, expanding forensic pathology training, improving public-sector remuneration, and implementing newer technologies and task-sharing, South Africa risks the near-total collapse of timely and reliable medico-legal death investigation.

Such failure would critically impair the ability to render a quality forensic pathology service, deliver justice, ensure public safety, protect vulnerable communities and provide closure to bereaved families.
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Significance:

Through this Commentary, I seek to spark debate about the use of the term ‘regulation’ or ‘minimum’ time in relation to doctoral education and, in doing so, contribute to enhancing students’ experiences, to ensuring that theses are rigorous and that the graduate attributes outlined in the 2018 Qualification Standard for Doctoral Degrees are developed.








The 2004 funding formula for higher education1 uses ‘subsidy units’ as a means of driving efficiency and increasing ‘outputs’ from universities. The funding for research and postgraduate education is generally perceived to be particularly lucrative by institutions, given that an article published in an accredited journal earns one unit and the successful graduation of a doctoral student three. In the case of postgraduate education, time to graduation enters into the calculation for funding, resulting in the development of a discourse privileging completion in ‘regulation’ or ‘minimum’ time, which, in the case of the doctoral degree, is taken to be three years.

Discourses, or sets of ideas that ‘clump’ together in language and other sign systems2 and the practices associated with those ideas, are powerful in that they contribute to the emergence of events and experiences which may not always be favourable3. Foucault4 argues that discourses are


… practices that systematically form the objects of which they speak … Discourses are not about objects; they do not identify objects, they constitute them and in the practice of doing so conceal their own invention.4(p.49)



In the case described above, a set of ideas related to the normative length of time taken to complete a doctoral degree, the privileging of efficiency in relation to throughput and graduation rates, the valuing of the amount earned in subsidy, the power that bodies such as the Department of Higher Education and Training (DHET) and the Council on Higher Education (CHE) can exercise over universities, and the need for universities to comply with their edicts come together in a ‘discourse of regulation time’ which has implications for both students and supervisors. For supervisors, the picture is complex, particularly in the case of students who are experienced as being ‘underprepared’5 to work at advanced levels or who are registered, as approximately 60% are6, for part-time study. In such cases, an additional year (or even six months) of study can make an enormous difference in the quality of a thesis or, perhaps more importantly, in ensuring that the doctoral candidate demonstrates the graduate attributes or ‘doctorateness’ outlined in the Qualification Standard7. Doctoral level study is often cited8 as requiring change at the level of identity – a point emphasised by Denicolo and Park9 who define graduate attributes as a


reflection of the mix of qualities required of a person who is acquiring doctorateness, including such things as intellectual quality and confidence, independence of thinking, enthusiasm and commitment, and the ability to adapt to changing circumstances and opportunities.



A doctoral candidate’s previous educational and life experiences will impact on the ease and pace at which these attributes are developed, meaning that many will require more than the ‘regulation’ or ‘minimum’ time of three years and a great deal of support from supervisors. Other implications for supervisors arise at institutional level. In at least one university using a workload allocation model, for example, students who exceed the ‘minimum’ or ‘regulation’ time are removed from the supervisor’s workload, leaving them to work with these students in their ‘spare’ time. At the very least, supervisors (and students) are likely to be subject to pressure for completion from universities. For supervisors, this pressure can be seen to impact on their autonomy and ability to judge when a student is ‘ready’ for assessment and, hopefully, graduation.

The implications for students are equally serious. Funding for doctoral study is often allocated for only three years, and self-funded students undercalculate the amount of money they will need to support themselves, expecting that they will need to study only for that amount of time. Many (if not most) students want to complete a qualification as quickly as possible, given that, increasingly, a doctoral degree is seen as a route to better paid employment. As a result, they can experience frustration and even a sense of failure when they take longer than the ‘minimum’ or ‘regulation’ time. At institutional levels, the idea that they are ‘deficient’ results in students being ‘pathologised’, even though the average time to completion in the USA (often held up as a paragon of education quality) is 5.3 years in the sciences and 6.7 years in the humanities and social sciences.10 The pathologising of students was certainly evident at a conference on postgraduate education hosted by the Council on Higher Education in 2023 when many of the papers focused on initiatives to enhance ‘throughput’ at doctoral level and constructed students as a ‘problem’ in the process.

But what if the problem is not that students take longer than three years to complete a doctoral degree, but rather the three-year period itself? Where did the concept of the ‘regulation’ or ‘minimum’ time of three years come from anyway? It is questions such as these that critical discourse analysis seeks to answer by ‘deconstructing’ the discourse itself. In the case of the ‘discourse of regulation time’, the deconstruction begins by asking about the origins of the idea that a doctoral degree should take three years to complete.

Policy documents such as the 2004 funding framework1 and others related to the introduction of the Higher Education Qualification Sub-Framework (HEQSF)11,12 do not introduce the concept of a ‘regulation’ or ‘minimum’ time for a qualification. The HEQSF states the minimum number of credits to be achieved for its award, and number and level of those credits on the Sub-Framework, noting6 that:


The credit-rating system rates 10 notional study hours as equivalent to one credit … Certificate, Diploma, Bachelor’s Degree and Bachelor (Honours) Degree qualification types assume a 30-week full-time academic year. Master’s Degree and Doctoral qualification types assume a 45-week full-time academic year. An average full-time equivalent student is expected to study for a 40-hour week thus requiring a minimum credit-load of 120 credits per academic year for Certificates, Diplomas and Bachelor’s Degrees and 180 credits per academic year for Master’s Degrees and Doctorates.



The idea that a doctoral qualification carrying 360 credits has a ‘regulation’ or ‘minimum’ time of three years could therefore be posited to stem from the understanding that the ‘average’ student can complete 120 credits per academic year. This understanding would seem to arise from experiences of undergraduate education, however. The fact that “Master’s and Doctoral qualification types assume a 45-week full-time academic year” and that, therefore, students registered at this level can be assumed to complete 180 credits per academic year, makes nonsense of the assumption. Following this line of thinking would mean that the ‘regulation’ time for a doctoral degree would be two years when, in practice, managerial discourses construct it as three years.

Given the absence of the mention of ‘regulation time’ in official documents, what would appear to be the case, therefore, is that the concept of ‘regulation time’ is related to ideas privileging efficiency in earning subsidy, the power accorded to bodies such as the DHET and CHE and the need for compliance in a discourse of ‘regulation time’. This discourse then exercises its power in leading to the development of systems and attempts to manage throughput by keeping records of student progress, issuing warnings and imposing cut-offs for registration.

However, not all efforts to manage progress are negative, as, increasingly, universities are establishing postgraduate support structures and training supervisors. As they do this, however, institutions would be wise to consider the validity of the claim that ‘regulation’ or ‘minimum’ time for the completion of a doctoral degree is three years and whether doctoral education might not be better enhanced by allowing students and supervisors the time they need to develop a robust study and the characteristics of the ‘doctor’ valued in the Qualification Standard.4 In making this statement, the point is not to advocate that students should be allowed to remain registered indefinitely, as monitoring students’ progress is important, both for them and for institutions. The point, rather, is that what constitutes reasonable progress and cut-off deadlines for exclusions need to be determined in conjunction with supervisors, who know their students and are aware of the standards required for the award of a degree, rather than being imposed as the result of a non-existent ‘regulation’.
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Significance:

The obstacles to implementing conservation projects are growing increasingly difficult. What then are the personality traits required for effective conservation leadership? Do we need strongly directed leadership driven by efficacy, or do we need consultative leadership driven by inclusivity? The short answer is that we need both, but the latter should take precedence. The divided brain hypothesis provides the biological basis of the trait profile required for effective leadership in conservation: leaders with left-hemisphere bias show algorithmic and competitive proclivities, while those with right-hemisphere bias show holistic and collaborative proclivities. Effective conservation leadership requires the input of both hemispheres, but the right hemisphere must dominate in decision-making.






I began seriously considering leadership for conservation in the early 2000s. This time was pivotal for conservation in South Africa: funding was pouring into the country from international agencies. The country had been isolated from such initiatives but was now firmly in the fold of global priorities, given its astonishingly impressive biodiversity. And there were many such projects at this time: Cape Action for People and the Environment (CAPE) focusing on the Cape Floristic Region hotspot, Subtropical Thicket Ecosystem Planning Project (STEP) dealing with the southwestern part of the Maputaland-Pondoland-Albany hotspot (both funded by the Global Environmental Facility), the Succulent Karoo Ecosystem Planning Project (SKEP) concentrating on the Succulent Karoo hotspot (funded by Conservation International) and several other lesser but related projects. In each project, the role of our team of conservation planners was to conduct research in such a way as to make the outcomes user friendly and useful.

Over the next decade or so, I was exposed to the styles of many leading the implementation of the conservation strategies arising from these projects, as well as many leaders from large international conservation organisations. My own leadership style was also revealed to me, sometimes with unsettling insights. Gradually, I began to get a sense of what I saw were key personality traits necessary for effective conservation leadership. While this perspective was grounded in personal experience, I was strongly influenced by Daniel Goleman’s book Emotional Intelligence.1 Thus, I conjured up an intuitive system of four leadership styles arranged along two axes, one representing self-confidence, the other representing emotional intelligence (Figure 1).

[image: 24105Cowling_fig1]

Figure 1: Four leadership styles identified using axes of self-confidence and emotional intelligence.



Nowadays, conservation leaders face a messy, complex world of insufficient funding, inadequate capacity and competing interests. Doing conservation is like swimming upstream endlessly and sporadically being swept downstream again by a flood of unanticipated events. This is not a world designed for step-by-step, linear workflows (or theories of change), but one where strategic opportunism2 is often a key ingredient for success. Furthermore, in this era of rising global tensions, obtaining conservation funding is becoming increasingly more competitive. My experience tells me that good conservation leadership requires a particular mix of personality traits. Exploring this issue has consumed my curiosity for decades. In this Commentary, I describe my intellectual journey and its findings.

The four leadership styles

My intuitive, experience-based scheme is a two-trait, four-panel arrangement (Figure 1). The four archetypes identified are the champion, the enabler, the crazy maker and the liver eater. They are located at the extremes of their axes and make up a small part of any given population; most of us would be clustered towards the centre of the diagram. How does leadership under these different styles impact on the effectiveness of conservation projects? I elaborate below.

With a combination of high emotional intelligence and high self-confidence (Figure 1), champions are well suited for leading conservation projects. While having empathy for the needs of the wide and divergent groups of stakeholders in these projects, champions are capable of being strategic, opportunistic and decisive in the face of competing demands. Champion-led projects generate meaningful learning from both success or failure.

Enablers are highly agreeable as leaders, sensitive to people’s feelings and needs but – having low self-confidence – they are unable to deal with the conflict, which is part-and-parcel of conservation projects. Under their leadership, projects are easily captured by powerful actors. Failure is likely and learning seldom happens. Enablers are best engaged in project support rather than leadership.

Crazy makers are incompetents steeped in bad traits. These are power-seeking, narcissistic disruptors; when in leadership, they overturn or dishonour all conventions that do not serve their interests directly. They co-operate only with those subservient to their whims. Their Machiavellian tactics force out of the enterprise all those with integrity. Projects may succeed in those aspects where the conservation outcomes coincide with the personal goals of crazy makers. Feedback-driven learning aimed at improving implementation effectiveness does not take place. Crazy makers should stick to crime or politics; they can make no meaningful contribution to conservation.

Imbued with self-confidence and self-efficacy, but lacking in emotional intelligence, liver eaters display a leadership style focused on achieving project milestones and targets. Like crazy makers, liver eaters are happy to marginalise and bully project participants to achieve their aims. Unlike crazy makers, liver eaters are diligent, strategic and efficient, and are successful in ticking boxes. They do not accommodate criticism, and learning is invariably on their terms.

The corporatisation of conservation organisations, which began in the 1980s3, has resulted in the widespread emergence of liver eaters in leadership positions. This is a shame, because liver eaters are seldom team builders, and their impact has little legacy. Ideally, they should answer to champions, who can direct their energy to the technical components of a conservation project.

During my time as a scientific advisor to conservation projects, I served under leaders belonging to all four quadrants in Figure 1. Of these, a minority were champions or enablers, only two were crazy makers and most were liver eaters. The obsession of liver-eater leaders with maintaining control and concentrating power undermined collaboration and trust. They did this by consolidating and strengthening the support of project funders by projecting efficiency and effectiveness in achieving project goals, and by silencing through exclusion perspectives different from their own. Projects were “implemented” in full, on time and within budget. However, little real learning occurred – the “lessons learned” sections of the final reports were weak, often verging on fictional progress.

As leaders, enablers were good at involving diverse groups of stakeholders in implementation projects and initially presenting project visions and goals in a way that inspired participation. However, they were decidedly less successful in reconciling stakeholders’ wide-ranging views into coherent strategies for implementation. The confusion that ensued provided a platform for project capture by crazy makers, and was the reason that demoralised stakeholders withdrew from active participation. Without project coherence, learning is difficult, if not impossible.

I was fortunate to experience the leadership style of only two crazy makers. They were adept at manipulation and soon created a clique of adherents, imbuing the project with a them-and-us conformation, which undermined collaboration. After alienating key stakeholders, momentum stalled, and the protagonists were forced to resign, but significant harm had already been done. Crazy makers appeared frequently among some stakeholder groups, where they did their best to derail progress, usually based on unreasonable demands underpinned by victimhood and exclusion.

Participating in champion-led projects was a delight. Here high empathy and efficiency coincided to produce leaders who appreciated project complexity and dynamics, encouraged learning from both success and failure, and could resist disruption by malcontents. Champions were transparent about their intentions but always willing, when convinced by stakeholders, colleagues or themselves, to change course. Many of the projects that were initiated under their leadership remain active today.

I presented the leadership scheme at a few conferences and then let it lie dormant for more than a decade. Later, I was to learn that I had not come up with anything original. Almost a century ago, psychologists had concluded that, in collaborative workplace settings, good leaders prioritised human needs over production outcomes and were highly confident in their leadership roles.4 However, the impact of different leadership styles on conservation projects continued to pique my curiosity. I knew there was a huge scientific and popular literature on leadership and felt compelled to read some of what others have written. So, I took a splash into the literature.

A splash into the literature

On approaching my retirement at the end of 2020, I decided to start reviewing the leadership literature – an overwhelming task. A relatively recent meta-analysis, based on a review of 864 papers, identified 40 leadership styles.5 By sampling papers, books and podcasts on different approaches to understanding leadership, I hoped that some useful generalisations would be revealed to me. And, indeed, a pattern emerged for two dominant and contrasting leadership styles: corporate and compassionate (Figure 2).

[image: 24105Cowling_fig2]

Figure 2: Two contrasting approaches to leadership fostered by different cultural traditions.



The corporate leadership style invariably identifies self-confidence (or self-efficacy)6 as a key trait (Figure 2). It relies on a hierarchical management structure, crystallised at the height of modernism in the late-18th century. It was underpinned by the materialistic, individualistic and technocratic norms adopted by the industrialising countries of the West at that time. Corporate leadership developed hand in hand with capitalism but was tempered by the post World War II era of welfare. It returned with renewed vigour in the 1970s, when market liberalisation ushered in the neoliberal era, characterised by increasing globalisation of trade and growing consumption. A form of corporate leadership that is autocratic, hypercompetitive, hubristic and narcissistic, prevails among political and social movements on the far right.

Compassionate (or servant) leadership is underpinned by an ability to act cognitively upon the emotions arising from empathy in a way that contributes to the well-being of others; emotions arising from empathy alone are not always benevolent, at least to the outgroup.7 In many ways, compassionate leadership is a reaction to corporate leadership and is strongly espoused as the style of the liberal left. This leadership is imbued with caring and collaboration, focusing on the process rather than the outcomes, and puts the common good above individual needs. It seeks to reduce hierarchy in the management structure.

Is compassionate leadership what we should be seeking in conservation champions? Well, actually, no. A champion certainly needs sufficient emotional intelligence to inspire an inclusive, collaborative process, and to limit the impact on project progress of manipulative power seekers. But a champion also needs sufficient confidence and efficacy to ensure the delivery of explicit project goals in full and on time. In short, a champion needs to marshal the best of both corporate and compassionate leadership styles.

There is a large literature on the expression of the “Big Five” personality traits in different leadership styles (see, for example, Bartone et al.8). This literature shows, unsurprisingly, that corporate-style leaders are highly extravert (bold) and conscientious (efficacious) and have low agreeableness (compassion) and emotional stability. The more extreme forms of this style may promote dark triad personality traits of Machiavellianism, narcissism, and psychopathy. Such leaders are autocratic, domineering and nasty people. On the other hand, compassionate-style leaders have high agreeableness and openness to novelty.

I was intrigued by the research on leadership in evolutionary psychology (see, for example, Gilbert and Basran9). This approach, informed by Darwinian evolution, explains this dichotomy of styles – conceptualised as antisocial and prosocial leadership – in terms of different strategies for achieving status, protection from enemies, and other benefits that improve survival and reproduction. Antisocial leadership, which is hypercompetitive and selfish, is driven by inferiority avoidance and has been linked to dark triad traits. Prosocial leadership achieves social status by adopting a compassionate and inclusive approach.

I am only too aware that my delving into the literature is superficial and selective; the few paragraphs above do not, by a long shot, do justice to the massive literature on personality traits and leadership styles. This notwithstanding, I found little in theory and practice on how these dichotomised leadership styles could be synergised to reveal the combination of traits required for a conservation champion. Was there a theory rooted in biology that could explain the trait profile required for effective leadership in conservation?

Enter the divided brain hypothesis

A few years ago, I was introduced to Iain McGilchrist’s The Master and His Emissary.10 I devoured the book and his subsequent masterpiece: The Matter with Things.11 This is not the place, nor is there the space, to discuss the vast and profound findings revealed by these books. Suffice to say that McGilchrist’s exhaustive review of the scientific literature shows that the left and right hemispheres of our brains attend to the world in entirely different ways and perform very different roles in our survival (Figure 3). This divided brain hypothesis, which is now widely supported by neurological and neuropsychological research, posits that both hemispheres are required to successfully surmount life’s challenges, but to do so, the right hemisphere must lead decision-making.
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Figure 3: The divided brain hypothesis: the different ways the world is perceived by the left (LH) and right (RH) brain hemispheres.



The left hemisphere, which controls the right side of the body, is focused on acquiring resources; its attention is local. It also comprehends the world as disembodied – a machine-like perspective focused on the explicit, deconstructed world of things and bits that are useful for survival. In a sense, it operates like an algorithm, driven by logical, rational rules (either/or) that it is ever reluctant to abandon (it is stubbornly optimistic). The only emotion housed in the left hemisphere is anger, so it is little surprise that it is the locus for competitive behaviour. To summarise: the left hemisphere represents a grasping, machine-like world, focused on extracting resources without moral constraint. Its evolutionary importance is in ensuring survival in the face of limited resources.

On the other hand, the right hemisphere is aware of the broader context of experience (it attends globally). It perceives the unsaid (what is implicit and intuitive) and the embodied; the right hemisphere is the seat of our prosocial emotions – the temple of emotional intelligence. This hemisphere perceives a world where the whole is different from the sum of its parts, where interconnected relationships among humans are cherished, and a world of beauty and wisdom that acknowledges the coincidence of opposites (both/and). In summary, the right hemisphere perceives a cautious, connected world where co-operation provides the selective advantage for survival.

Looking through the lens of personality traits, the left hemisphere is associated with high self-confidence (high extraversion), high conscientiousness for routine tasks (to which its algorithmic wiring is ideally suited), an absence of compassion (low agreeableness), and low emotional stability (or high neuroticism). The left hemisphere is also the seat of the dark triad. Moreover, the left hemisphere is not open to experimenting with novelty; as pointed out above, it prefers sticking to the known. This bundle of traits effectively describes many features of the hubristic, command-and-control, corporate and antisocial leadership.

The right hemisphere is open to novelty (high openness), is compassionate (high agreeableness), emotionally stable (low neuroticism), and shows high conscientiousness for embodied tasks. It thus sees and responds to the world very differently from the left hemisphere. Actions spawned in the right hemisphere are responsive to context, are influenced by the implicit, are often intuitive, and place great emphasis on the integrity and well-being of the group. The modus operandi of the right hemisphere strongly resembles the hallmarks of compassionate or prosocial leadership.

Where does this biological, brain hemisphere based understanding of traits get us? If corporate leadership resides principally in the left hemisphere, and compassionate leadership in the right, conservation leadership requires the contribution of both. For example, effective conservation leadership requires an ability to operate in both abstract and embodied modes, and in the appropriate context, to prioritise group needs by withholding compassion for troublemakers. So how would a good conservation leader’s brain operate to bridge these hemisphere-based perspectives?

McGilchrist provides a solution. In the left hemisphere, whatever is perceived is re-presented to the right hemisphere where decisions are made based on context and experience. In this sense, as conceptualised by McGilchrist10, the left hemisphere is the Emissary and the right hemisphere is the Master (Figure 3). Humans (and most other animals) need the input of both hemispheres for their survival, but it is the role of the right hemisphere to decide what to do with the data provided by the left hemisphere.

In cases where the left hemisphere is in control of the right hemisphere – through right hemisphere trauma, mental illness (notably schizophrenia) and a host of genetic, environmental and cultural factors – there is a clear bias for left-hemisphere behaviours. Political leaders with left-hemisphere dominance are prone to authoritarianism, tyranny and brutality – think of Joseph Stalin, Adolf Hitler, Mao Zedong, PW Botha, Donald Trump and Jacob Zuma, to name a few from the past 100 years.

In a fascinating and richly researched account, McGilchrist10 shows that there have been shifts in hemispheric dominance over the course of Western civilisation. For example, the Renaissance (15th and 16th centuries) was a time of great cultural and scientific innovation, when leaders fostered the arts and sciences and philosophy flourished. Clearly, the cultural and environmental context of the time encouraged the adoption of right-hemisphere worldviews (and the decline of left-hemisphere ones that dominated the preceding Dark Age). This right-hemisphere perspective then spreads, meme- or virus-like through the population, largely via imitation of peers for status-seeking.12,13

A way of visualising this process of shifting patterns of hemisphere dominance is shown in Figure 4. Imagine assessing for compassion among a randomly chosen sample of a population wherein each individual is exposed to the same environmental and cultural forces. Under these conditions, the potential proclivity for this trait should be under strong genetic control and be normally distributed (centre panel in Figure 4), with a minority of the population showing a strong left-hemisphere (antisocial) bias, a similar minority with a strong right-hemisphere (prosocial) bias, and the majority being somewhere between these extremes. It is this middle majority that is vulnerable to the cultural and environmental forces that underpin a shift in hemispheric dominance. Powerful leaders unleash memes that reflect their hemispheric biases, and these are spread rapidly among their beneficiaries.
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Figure 4: Central panel: distribution of a trait associated with poles of left-hemisphere (L) and right-hemisphere (R) dominance in a model population. Right panel: a population subject to cultural and environmental forces that promote left-hemisphere bias. Left panel: a population subject to forces that promote right-hemisphere dominance.



What does this mean for conservation leadership?

Today the West finds itself in a state where the social fabric is being shredded by a contest between two increasingly authoritarian and polarised ideologies: neoliberalism on the political right and postmodernism on the political left. Both, however, are associated with left-hemisphere bias. Postmodernism denies the existence of enduring values related to science, reason, truth and beauty – all values that are strongly associated with the right hemisphere.10 In its view, all these values are socially constructed, transitory and relative – a view that depletes them of their meaning.11 Postmodernism’s focus on deconstructionism and group identity reflects a left-hemisphere bias for reductionism in contrast to right-hemisphere holism. Neoliberalism is an outgrowth of the modern era that has promoted greed and exploitation on an unprecedented scale, fosters competition as the driver of progress, and has enthusiastically adopted the abstract and disembodied world of digital technology. All of these are left-hemisphere perspectives. Both ideologies are framed in terms of victimhood: Postmodernists view power as the currency of oppression by an unjustly empowered elite, and Neoliberals view social justice as a threat to personal freedom for accumulating capital.

Conservation projects being implemented today will likely not avoid confronting the opposing claims of both the authoritarian far right and far left. Both provide different perspectives on conservation – the former focused on exploitation and the latter on environmental justice. Given this socially and politically fraught context, it is most important that those who emerge as conservation leaders should have right-hemisphere dominance but be capable of using the information provided by the left hemisphere wisely. Invoking again McGilchrist’s10 metaphor, the Master should rule over the Emissary. This implies a coincidence of opposite leadership styles, where compassion, collaboration, flexibility and openness (right hemisphere) are informed by focus, knowledge, explicit strategies and attention to detail (left hemisphere). A conservation leader should also have the emotional intelligence (right hemisphere) and confidence (left hemisphere) to counter disruptions imposed by those seeking to manipulate participants and processes for gaining power and influence.

Circling back to Figure 1, conservation champions combine left-hemisphere-biased, corporate leadership (high self-confidence) with right-hemisphere-biased, compassionate and emotionally intelligent leadership. However, this is insufficient: the prosocial mind must control the efficacious, target-driven mind. Given their mix of hemisphere biases, champions should be able to direct the energies of liver eaters (efficacious, antisocial) to tasks not requiring prosocial proclivities. They should also be able to marshal the empathy of enablers to lead those parts of the project requiring strong interpersonal relations. The high self-confidence and emotional intelligence of champions enable them to counter the devious machinations of crazy makers and neutralise them before they cause further disruption.

I recommend that only champions should be appointed to lead conservation implementation projects. The perils of appointing leaders with psychopathic tendencies (crazy makers and liver eaters) are large. They rapidly amass power and adherents through patronage, propaganda and exclusion, and, if unchecked, can ruin institutions. While seldom garnering more than 30% of the populace’s support, psychopathic authoritarian leaders are prone to using unethical means to retain and expand their power. They should never be appointed to leadership positions requiring collaboration.14

Concluding remarks

Research indicates that a divided brain is deeply embedded in our evolution. This makes evolutionary sense. The left hemisphere is focused on prey (seeds, worms, leaves) while the right hemisphere is focused on the predator (lions, eagles, snakes). Survival means using them both but letting the right hemisphere decide when it is time for fight or flight.

Only humans seem capable of creating cultures that enable shifts in hemisphere dominance. Graber and Wengrow15 show that, throughout prehistory, tyrannical (left hemisphere) and egalitarian (right hemisphere) cultures have coexisted in space and replaced each other in time. McGilchrist10 has shown that this pattern of hemisphere shift is a feature of Western history, and the same likely applies to the East.

What these histories tell us is that it is possible to shift hemisphere dominance. It behoves on all to spread conservation memes consistent with right-hemisphere values about nature. There are inklings in the air and flutterings in the leaves that the zeitgeist is shifting as right-hemisphere perspectives on common sense, meaning and freedom are gaining ground in many institutions. If this is true, then conservation leaders with right-hemisphere dominance will find an implementation context that is increasingly conducive to wise resolutions to conservation problems. If this is not true, then a natação continua!
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Significance:

As humanity faces climate change, interdisciplinary conversations about how climate research is produced are significant, as they offer researchers and activists opportunities to consider knowledge from different research traditions. This Structured Conversation explores the perspectives of three experts working in the field of climate change on how climate evidence is taken up by policy actors to exert influence and by activists to protest and empower.






Introduction

Mehita Iqani (M.I.) and Anna Feigenbaum (A.F.): This article reports on a structured conversation on the theme of climate justice as part of the Evidence and Power roundtable webinar series co-hosted by the South African Research Chair in Science Communication (Stellenbosch University) and the Centre for Science, Health and Data Communication Research (Bournemouth University) in June 2024. The Evidence and Power series aims to foster an ongoing, critical dialogue about the role of evidence, data and research within broader scientific projects. Rooted in science communication for social justice ethic, the series critically engages with two key theoretical frameworks that inform science communication. First, we ask what constitutes evidence, and how its definitions vary across different disciplinary perspectives. Second, we explore how power shapes, influences or mobilises evidence within the scientific landscape, particularly in science communication.

These questions are broad and cannot be definitively resolved one-off, hence our ongoing series of roundtables. Each session brings a set of diverse disciplinary perspectives to encourage reflection, debate and engagement on the dynamics of power and evidence in relation to science communication and the broader process of knowledge production. Here we report on a webinar organised around the theme of climate justice, held on 18 June 2024. The aim was to explore how evidence and power intersect in shaping societal responses to the challenges of climate change, and to consider how these dynamics can inform new research directions and critical theoretical frameworks. The full webinar recording is available on YouTube.

The discussion centred on three themes: (1) the quantity and quality of climate evidence, (2) barriers to governance and (3) the use of evidence in activism. Structured as a panel-like discussion, it was facilitated by M.I. and A.F., with three speakers drawn from among practitioners and researchers in climate change communication in Africa and the United Kingdom. Jennifer Rudd started her academic career searching for technical solutions to climate change but has recently moved into the social sciences to understand the human aspect of climate action, with a focus on climate change education. Dominic Okoliko is an interdisciplinary researcher specialising in environmental communication, climate change governance and public engagement, with a regional focus on Africa. Pippa Gillingham is an ecologist with an interest in social science, whose research interests concern where species are found and why, how this will change with climate change, and finding win-win solutions for biodiversity and climate change that work for people.

Together, the conversation summarised here offers insights into the nature of evidence and the ways in which power dynamics shape how societies engage with it in the context of climate change. The remainder of the article is organised around the three themes, with the facilitators guiding the discussion and the panellists responding.

The quality of climate evidence

M.I. and A.F.: As climate change builds in evidence and impact, it is critical to track and evaluate the quality of information available in the public domain. As such, the first talking point to the invited speakers was to ask them to reflect on the current quantity and quality of climate change evidence that is available, and to consider the reach and possible take up of that information by broad audiences. This is crucial, as the communication of climate science is at the heart of building understanding and activism.

Dominic Okoliko (D.O.): Over the past 5 years, my work has primarily focused on the intersection of public sense-making, particularly in relation to communication and language, and how these elements interact with environmental governance, especially concerning climate change. Reflecting on this question, I am particularly struck by the abundance of evidence sources currently available in the public domain. We have a plethora of resources, including the scientific reports produced by the Intergovernmental Panel on Climate Change (IPCC), notably their sixth report.1 Each time the report is published, there are specific regional footnotes, such as Chapter 9, which focuses on Africa.2 My research in recent years has always centred on Africa, so my perspective is largely shaped by that focus. Research outputs, such as publications and reports, generate scientific evidence and make it available to the public. However, does this necessarily translate to substantial public and media access to that evidence? Non-governmental organisations (NGOs) and media organisations, particularly through alternative platforms, provide some support in bridging this gap. In the African context, Greenpeace has made notable efforts to highlight climate change issues relevant to the region.3 Initiatives such as the Africa Climate Reality Project and the African Rainfall Project championed by the World Community Grid also contribute to this effort.

In preparation for this discussion, I conducted quick searches on Google Scholar, Web of Science (WoS), and Scopus using the term “climate change” to assess the volume of available publications on the topic. The results were notably high, with Google Scholar returning approximately 3 300 000 results, WoS (Topic) yielding 514 609 and Scopus 605 443 (all searches, 17 June 2024). For context, in 1990, Scopus recorded only 933 documents, while WoS had 3480 in 2003. While this growth is commendable, it is important to recognise the disparities in knowledge production and the representation of perspectives across different regions. For instance, when I compared document counts in Scopus for up to 15 countries, South Africa ranked the lowest (the only African country in the list), while the USA led by a significant margin. Thus, when evaluating the quantity of publicly available information and evidence, we must consider the geopolitical factors that shape where and how research is published.

It is also important to consider the technical nature of scientific outputs and how the public can access them. Barriers exist due to the complexity of the information in these publications, making it difficult for the general public to interpret and engage with the content. Paywalls further restrict access, particularly for individuals in developing countries, many of them in Africa.

Regarding media coverage, South Africa has seen notable progress in terms of the volume of attention given to climate change. Data from Media Monitoring Africa, released in 2020, indicates that the number of climate-related articles in South African news media surged from fewer than 1000 before 2015 to 8870 in 2019.4 There are also reports suggesting a slight shift from purely disaster-focused reporting toward increased coverage of mitigation and adaptation in Africa, as well as a move away from reliance on foreign news toward more local perspectives.4

Despite these improvements, media coverage in some African contexts remains largely event-driven, with climate issues framed episodically in response to specific crises and climate events like the annual Conference of the Parties (COP) meetings. Additionally, coverage is concentrated in wealthier, urban-focused outlets, leaving lower-income communities and local media largely excluded from the conversation.5 This exclusion is significant, as studies show that non-urban populations tend to have lower awareness of climate change compared to their urban counterparts.6

There is also a clear bias in whose voices are amplified in climate stories. In our comparative study of media coverage in South Africa, Nigeria and Kenya7, we found that government actors dominated the discourse, followed by experts. Civil society, businesses and ordinary citizens received far less attention. This elite-driven narrative risks alienating the public by framing climate issues as matters for technocrats rather than shared societal challenges.

Thus, while the quantity of climate-related information and sources in the public domain has increased, improvements in quality and access remain limited. Notable gaps persist in the inclusivity of coverage, and on social media, misinformation is a palpable concern.

Jennifer Rudd (J.R.): I have quite an interdisciplinary background: I have a PhD in chemistry, have been involved in projects ranging from next-generation solar panels to carbon reduction, and was very involved in school outreach. I currently am involved in climate change education. My answer to the question is from an expert’s perspective, as that is the evidence to which I am mostly exposed, and is therefore most likely not representative of how the general public views the issue. I recently looked at the newly added climate section on BBC News and realised that a significant fraction of the articles is outdated and only a limited number of updated articles appear on the site. On another note, there is a prevalence of right-wing newspapers that disseminate false and incorrect information, particularly on renewable energy initiatives, and have a higher chance of reaching a wider audience.8 Thus, many efforts from experts are targeted at debunking the false claims that are made by a large proportion of the press. Moreover, the UK government appears to continue to endorse narratives that are not based on evidence.9 In my personal opinion, the current quality of climate change evidence is extremely inadequate. A prime example is that of the Extinction Rebellion protests in which thousands of people descended on England’s captial – although there was mass press coverage on both protests and climate change10, little press discussion covered the scientific basis of climate change. Although we have more coverage in terms of quantity with things like Extinction Rebellion, it does not translate to informing people using evidence.

Pippa Gillingham (P.G.): I approached this question from the lens of public domain research. Increased access through open access information and improved publishing agreements is increasing the available information in the realm of climate science. The IPCC reviews and summarises existing science. Information is presented in reports from three working groups, plus a synthesis report. Available evidence is summarised by scientists with the aim of analysing the quality and quantity of that evidence. Information on the impacts of climate change, its effects on the environment and species and on the ecosystem, health and food is abundant. The IPCC reports serve to summarise a lot of information and the fact that this is done by experts contributes to the quality of evidence.

There is abundant evidence out there in the field of climate science, and there are numerous summarised reports aimed for policymakers to try and make decision-making easier (e.g. POSTNotes in the UK, https://post.parliament.uk/type/postnote/). However, there is a geographical publishing bias in most science towards Europe, North America and Australia.11 Therefore, less knowledge is available from the developing world, and there is a lack of evidence serving those places. In addition, not all science information is published, and there sometimes is a language barrier to getting published. This complicates the argument that there is a large quantity of evidence available and should push us to ask what evidence is being missed.

Some topics are fairly new, such as climate change adaptation, both in terms of how humans will cope with the climate change that is happening, and ways of capturing which climate change adaptation action is being taken. There are databases that detail adaptation actions (e.g. Climate-ADAPT) but there is limited evidence of what is working. There is not entirely an absence of evidence; however, in topics such as biodiversity conservation and in relation to the natural world, we do not yet know what adaptive success looks like.12 This is likely partly because we are still developing indicators of what works.13 In England, the government’s advisor for the natural environment, Natural England, have now begun to think about how to include climate change in nature reserve management targets.14

There is much less evidence on the topic of climate justice. The IPCC only recently started to include climate justice in the last (sixth) report. Again, this is a developing field in which there is limited evidence about which actions are just and would lead us to a just transition to a low emissions future. Therefore, despite the large amount of evidence in the public domain, the bigger question is then: what is still lacking?

M.I. and A.F.: As the discussion so far has shown, the various interpretations of the public, such as that related to the IPCC, is considered part of the public domain in the sense that its reports are accessible for public consumption. However, this differs from the public domain of information disseminated through news media, which individuals are exposed to daily. It is important to clarify which aspect of the public domain is being referenced in discussions about climate evidence. Additionally, the ‘bubbles’ we inhabit – whether social, informational or ideological – further limit the scope of perspectives with which we engage. This issue ties into the question of whose voices are represented and the significant skew in the representation within these domains. These dynamics raise critical considerations, particularly regarding inclusivity and equity in information dissemination and representation.

Barriers to governmental action

M.I. and A.F.: There is already significant evidence proving the existence of the problem of climate change, which of course comes with nuance about how the available evidence represents different geographies, cultures and societies globally. While it must be acknowledged that imbalances in the availability and use of evidence exist, additional considerations arise regarding access to evidence and the ways in which it is made public. These modes of dissemination may, at times, be exclusionary, elitist, overly complex, or, conversely, oversimplified. Furthermore, evidence may be shaped by biases, raising important questions about the politics embedded within the evidence itself. Speakers were next asked to consider the obstacles that might hinder the translation of evidence into practice, policy, regulation or political action at high levels (governmental and inter-governmental). What are the biggest obstacles facing the enactment or the implementation of the necessary changes that can drive us towards a more sustainability trajectory for humanity and Earth? What is it that stops those in power from responding to the publicly and widely available scientific evidence?

D.O.: Three key factors contribute to inaction on climate change, particularly at higher levels of governance: political will, economic constraints and weak governance systems. While other factors also play a role, these three stand out in my perspective, particularly in the African context.

Political will is a critical driver of climate action, both nationally and internationally. At the global level, the lack of political consensus continues to hinder effective responses to climate change. For example, recent climate summits, such as the June 2024 Bonn Climate Change Conference, have underscored this challenge. Discussions focused on transitioning from previous financial commitments for adaptation to the development of a new agreement on loss and damage financing, set to be signed at the subsequent major climate meeting. However, the meeting ended without consensus, as stakeholders debated responsibility-sharing and financial commitments. For many African nations, adaptation is an urgent priority due to the increasing frequency of extreme weather events, but action is often contingent on external funding. This dependency leaves African countries waiting for decisions and commitments from wealthier nations, further delaying progress.

At the national level, the absence of political will is particularly evident during election campaigns, where climate change is rarely prioritised. Politicians often avoid the topic altogether. For instance, in Nigeria’s 2023 elections, none of the top four presidential candidates made climate change a central campaign issue. The eventual winner dismissed climate action as a Western problem, stating that if the West wanted Africa to address the issue, it would need to provide financial resources.15 This rhetoric shapes public perception, reducing urgency for domestic climate action. Similarly, in Zambia, climate change was notably absent from electoral discourse.16 Politicians often sidestep climate-related issues during campaigns, fearing voter backlash, particularly in regions where fossil fuel industries play a significant economic role.

Economic constraints present another major barrier. The financial resources needed for a sustainable energy transition and other climate initiatives are substantial. In Africa, national budgets for environmental issues remain minimal, reflecting a lack of prioritisation. Limited fiscal capacity, coupled with slow global financial commitments, further impedes progress. Additionally, many African economies are heavily dependent on fossil fuels, creating entrenched interests that resist transformative change. Nigeria and Angola, for example, rely heavily on oil revenues, while South Africa’s energy system depends on coal, which supplies over 80% of the country’s energy.17 These industries exert significant influence on policymaking, often obstructing efforts to transition to sustainable alternatives.

Weak governance systems further compound these challenges, undermining public trust and support for climate initiatives. In our recent study on South Africa’s energy transition efforts during COP26 in 2021, public scepticism was a recurring theme.17 While some recognised the need to reduce coal reliance following the announcement of a USD8.5 billion deal from international partners for South Africa’s just energy transition, many doubted the government’s ability to manage the transition effectively. Concerns over corruption and mismanagement dominated public discourse, with widespread fears that any allocated funds would likely be misused. This lack of confidence in governance structures erodes public support for necessary but difficult reforms. Addressing climate change requires urgent action, but weak governance remains a fundamental obstacle to building public trust and securing the kind of transformative change our world needs today.

J.R.: The Welsh context presents a particularly intriguing case study in governance and climate action within the UK. England, Scotland, Northern Ireland and Wales comprise the UK, and each has varying degrees of devolved powers. Wales, while governed by its own Welsh Government, retains limited autonomy as many powers remain centralised in Westminster under the UK Government. Nevertheless, areas such as farming, education and the National Health Service fall under devolved powers, enabling the Welsh Government to make independent decisions in these domains.

Politically, Wales is led by a Labour government, which leans slightly left, contrasting with the increasingly right-wing UK Government in Westminster (true until the 2024 UK general elections which returned a Labour government). This difference has both facilitated and hindered Wales’ pursuit of more progressive policies, particularly on climate change and sustainability. Notable examples include a moratorium on road building (except in exceptional cases), substantial investment in improving the train network in South Wales, the implementation of a default 20-mile-per-hour speed limit across the country, and the introduction of sustainable farming subsidies.18 These subsidies aim to mitigate the adverse effects of Brexit on Welsh farmers by offering financial incentives to increase tree cover and enhance natural habitats, such as hedgerows. However, these initiatives have faced considerable backlash. While the train system has generally been well received, other measures have sparked public dissent. The road-building moratorium and 20-mile-per-hour speed limit have met resistance from portions of the general population, while some farmers have vocally opposed the proposed subsidies, citing concerns about feasibility and economic impact. This backlash underscores broader challenges in climate communication. If the public does not fully grasp the consequences of climate change, the potential benefits of adaptation, or the necessity of mitigation strategies, political will for bold, transformative actions diminishes.

The controversy surrounding the 20-mile-per-hour speed limit exemplifies this tension. The cabinet member championing the policy faced significant public criticism, ultimately leading to their exclusion from the new cabinet following a leadership change. This reflects the broader political cost of advancing long-term climate initiatives in the face of public opposition. A further challenge lies in the inherent tension between short-term political cycles and the long-term nature of climate solutions. For instance, the Valleys Metro project – a major overhaul of South Wales’ train network – has cost over GBP1 billion and spanned more than 5 years, extending beyond a single governmental term.19 While this initiative promises long-term benefits – such as reduced emissions, improved public health through active travel, enhanced mobility and greater social justice in historically disadvantaged ex-mining areas – it has necessitated immediate budgetary trade-offs, including reallocations from critical sectors like the National Health Service. Communicating these long-term benefits to the public and securing trust remain critical obstacles.

More importantly, Wales is guided by the Well-being of Future Generations Act 2015 which mandates that the Welsh Government and public bodies prioritise the well-being of future generations over short-term gains.18 This legislation requires decision-makers to consider the impacts of their policies on future populations and establishes an independent Future Generations Commissioner to hold the government accountable. Despite its groundbreaking nature, the Act’s principles require significant time to gain widespread acceptance and integration into societal norms.

Complicating matters further was the 14-year discord between the Labour-led Welsh Government and the Conservative-led UK Government, resulting in conflicting narratives that create cognitive dissonance for the Welsh public. The inability to shield the population from Westminster’s contrasting messaging undermined efforts to build a unified vision for long-term, progressive climate action. This has changed slightly since the UK General Election in 2024, which returned a Labour Government to Westminster. The Welsh Labour and UK Labour Governments have since worked together more closely, although there are still ideological differences in some key policy areas, such as climate change. Ultimately, Wales provides a compelling example of the opportunities and challenges inherent in devolved governance, progressive policymaking and climate communication. The Welsh Government’s ambitious initiatives demonstrate a commitment to sustainability and long-term planning, yet public resistance, political tensions and communication deficits highlight the complexity of achieving transformative change in a polarised context.

P.G.: The electoral cycle, which typically lasts 4 or 5 years in many democracies, including the UK, presents a significant obstacle to sustained climate action. Until recently, climate change was often perceived in the UK as a distant issue, affecting other parts of the world more acutely. However, recent extreme weather events such as consecutive drought years, prolonged winters and devastating flooding have brought the immediacy of climate impacts to the public’s attention. These events, such as crop failures reported by farmers, underscore the urgency of action. Despite this, the short-term focus of election cycles, coupled with competing crises such as Brexit, the cost-of-living crisis and energy price volatility, has diluted the political will to act decisively.

One major barrier is the difficulty of convincing the public to prioritise climate action when they are grappling with immediate economic hardships. For example, food insecurity linked to crop failures caused by climate change exacerbates the cost-of-living crisis.20 This interdependence highlights the complexity of creating public buy-in for climate policies amidst pressing socio-economic challenges. Another issue lies in decision-making at the government level. In the UK, just over a quarter of MPs have a background or interest in STEMM subjects21 which means almost three quarters may not have the ability to interpret and therefore trust scientific evidence. While independent bodies, such as the Climate Change Committee, provide comprehensive risk assessments and hold the government accountable, progress has been slower than necessary.22 This is partly due to conflicting incentives and the influence of industries resistant to change.

For instance, energy companies profited significantly during the global energy price surge, while households required government subsidies to manage heating costs.23 Although the introduction of a windfall tax on energy companies marked progress, it faced significant initial resistance. Similarly, subsidies for renewable energy have fluctuated over the years, reducing their effectiveness. Fossil fuel subsidies, deeply entrenched in the system, remain a major barrier, sustained by powerful industry lobbies that resist reform.

At the local level, councils often face significant resource constraints, despite many declaring climate emergencies.24 Limited budgets force them to prioritise other pressing issues over implementing environmental initiatives. This lack of funding severely hampers the ability to enact meaningful change. Furthermore, public pushback can stymie local climate measures. In Dorset, for instance, initiatives such as creating cycle lanes or establishing wind farms often face resistance, either due to perceived threats to drivers’ convenience or concerns about preserving the aesthetic of the countryside.

Using evidence in activism

M.I. and A.F.: It is fascinating to be more cognisant of the dynamic between the Global North and South. In the Global North, there is often a rhetoric and sometimes policies that acknowledge climate change, however limited by political cycles, economic priorities and public resistance. Meanwhile, in the Global South, leaders often downplay climate change, framing it as the responsibility of wealthier nations and the need to focus on more socio-economic issues. Highlighting the dissonance of governments when navigating climate change rhetorically and strategically. Moreover, the main aim seems to be power and re-election. This brings up the question of what ordinary people can do in response to the threats of climate change. How might evidence about climate change be used as an instrument of empowerment or resistance by ordinary people?

J.R.: I will use two examples to illustrate the innovative ways in which climate change evidence has been put into action. The first is the Extinction Rebellion movement, which began in 2018 as a response to growing frustration with government inaction on climate change.25 Extinction Rebellion embraced a strategy of disruptive, non-violent direct action to demand systemic change. Activists would occupy major spaces in London, such as Oxford Circus, blocking roads and camping on streets for extended periods. Their tactics included large-scale art installations, such as a massive pink boat placed in the middle of the city, and creative reimagining of familiar symbols, such as transforming traffic warning signs into messages about rising temperatures and sea levels. This approach was effective in several ways. First, it communicated the urgency of climate action without relying on complex scientific language, making the issue accessible to a broader audience. Second, Extinction Rebellion’s highly visible art demonstrations attracted significant media attention, spurred public discourse and mobilised tens of thousands of people who might not previously have engaged with climate activism. For instance, spikes in online searches for climate-related topics corresponded with Extinction Rebellion’s actions, underscoring the impact of their campaigns on public awareness.

Another overlapping movement, School Strike for Climate, spearheaded by youth activists, complemented Extinction Rebellion’s efforts by amplifying the global call for climate action. Together, these movements demonstrated how disruptive yet creative methods could galvanise public engagement at an unprecedented scale. The second example highlights how localised initiatives can foster grassroots climate action.26 In Shrewsbury, a small town on the England-Wales border, a friend of mine participated in a project called Climate Fresk. This initiative uses interactive workshops grounded in visual aids and peer-to-peer learning to engage local communities in discussions about climate change. By avoiding didactic approaches, the workshops empower participants to take ownership of their learning and decision-making processes. The ripple effects of this community-driven initiative have been significant. Local organisations in Shrewsbury increasingly requested Climate Fresk workshops, leading to greater awareness and collective action. For example, a group of residents convened to explore ways to decarbonise their homes. Collaborations with suppliers resulted in discounted services for participants, creating tangible incentives for action. This local momentum has since extended to businesses and neighbouring areas, illustrating how science communication at the community level can evolve into sustained, transformative action: a transition from the traditional science communication to radical action within local areas towards broader areas. It is interesting to consider empowerment both from local and more global scales.

D.O.: When considering the use of evidence to empower, influence and resist in the context of climate action, several notable trends emerge in Africa. A promising development at the community level is the critical role of awareness and education in driving action. Recent initiatives demonstrate how such approaches are reshaping local responses to climate challenges.

I am aware of several group-based climate talks and workshops being organised and led across Africa. One example is Climate Fresk, an interactive, game-based programme designed to build climate knowledge while motivating participants to act. Having participated in several awareness programmes, including Climate Fresk, I observed that participants who initially seemed uncertain about key climate change issues left the sessions feeling more informed and empowered.

At Stellenbosch University, I led a group of students in a similar cross-university climate talk initiative in 2021. This engagement led to the formation of Climate Justice Colleagues, a student-led advocacy group that has since undertaken significant efforts. Over the past few years, they have organised several campus-based campaigns and, along with other organisations, lobbied the university to quantify its carbon footprint and divest from fossil fuel industries – demonstrating how awareness initiatives can translate into meaningful local action.

Beyond educational programmes, numerous NGOs across Africa are playing a crucial role in raising awareness and fostering community engagement. Organisations such as Greenpeace Africa and the South African Climate Action Network have been instrumental in promoting climate education and advocating for sustainable practices, particularly in sectors like agriculture. During my research on the representation of climate change in Kenyan newspapers, I identified several local initiatives effectively leveraging media to educate communities and drive change.7

On the subject of resistance, grassroots movements have also demon-strated considerable influence. The Fridays for Future Global Climate Strike, for instance, galvanised activism worldwide, with Africa playing a significant role. In Cape Town, we participated in several related movements between 2021 and 2022, underscoring the continent’s engagement in global climate advocacy. Evidence-based resistance has also empowered communities and NGOs to take legal action against environmentally harmful practices. A prominent case occurred in 2016 when Earthlife Africa Johannesburg sued the Ministry of Environmental Affairs for failing to incorporate climate change considerations into the environmental impact assessment for a proposed coal-fired power plant in Limpopo.27 The court ruled in favour of Earthlife Africa, setting a precedent for similar cases.

Another example is the coalition of NGOs in the Eastern Cape that successfully opposed Shell’s attempts to explore for gas in the region.28 These actions illustrate how evidence-based advocacy can drive resistance against environmentally detrimental projects. Activist organisations across the continent continue to champion similar efforts, reinforcing the power of evidence in shaping climate action.

P.G.: I have observed that my students are particularly engaged when considering solutions to environmental challenges when I talk about those that resonate with ‘ordinary’ people, both within and beyond the academic setting. When I task students, including those not pursuing environmental degrees, to design projects aimed at engaging the public on climate and environmental solutions, the ideas that consistently capture their attention are those rooted in practical everyday actions. Two themes stand out: reducing food waste and reducing meat consumption. These are tangible behaviours that individuals can change immediately, and they create a sense of empowerment because the impact feels both immediate and achievable.

The appeal of these solutions lies not only in their accessibility but also in their significant environmental benefits. For example, livestock production is a major contributor to greenhouse gas emissions, while food waste, if considered as a single emitter, would rank among the largest emission sources globally.29 These staggering statistics often inspire students, and subsequently the public, to recognise the importance of addressing these issues. Over the years, I have supervised countless projects designed by students that aim to convince others of the importance of such actions. A common thread in their success lies in emphasising co-benefits. Reducing meat consumption, for instance, aligns not only with environmental goals but also with health benefits, as plant-based diets rich in fruits, vegetables and nuts are associated with improved well-being.29 Similarly, tackling food waste offers clear economic incentives; saving money resonates strongly with individuals, making it a compelling driver for change.

In recent years, social media and technological innovations have amplified these messages, making them more relatable and actionable. Apps like Too Good To Go, which has gained significant traction in the UK, offer creative solutions to food waste by connecting consumers with surplus food at reduced prices. Social media platforms play a key role in promoting these initiatives, with users sharing their experiences, such as showcasing the high-quality produce they have acquired at minimal cost. These platforms also incorporate feedback loops, such as indicating the energy saved through reduced food waste, fostering a sense of environmental accomplishment alongside economic benefits. While these solutions may seem relatively unremarkable or even ‘unsexy’, their simplicity and practicality are precisely what make them so effective. They prompt the question: why are we not doing this already? For instance, food waste remains a persistent issue despite its apparent avoidability. Many students share my perspective, shaped by upbringing or cultural practices, that wasting food feels inherently wrong. Yet, the systemic nature of the problem underscores the need for continued education and advocacy to shift norms and behaviours.

Ultimately, what I have observed is that empowering individuals to take simple, meaningful action whether by reducing meat consumption, addressing food waste or engaging in similar initiatives can significantly contribute to fostering a sense of agency in tackling climate change. Such approaches underscore the importance of connecting environmental solutions to tangible benefits, both personal and collective, in driving meaningful change.

Conclusion: Is evidence enough?

M.I. and A.F.: There are many valuable points that have been offered here: the role of governments in protecting the rights of future generations, as well as the role of citizens and activists in lobbying for their governments to do the right thing in relation to climate change. We have explored questions of agency and how it relates to structures of power. And we have considered what kinds of climate evidence should be widely communicated, and how those forms of evidence can feed into new forms of action as well as political value systems.

A recurring theme in the comments of our speakers is the role of young people in climate action. It is quite evident from a brief look that young people have become central figures in addressing climate change. More importantly, they play a central role in speaking truth to power and mobilising discourses and evidence to challenge the status quo. Youth are not only amplifying the urgency of climate action but are also actively participating in reshaping narratives around the issue. This is an inspiring and hopeful observation, especially in a space where systematic inertia can sometimes overshadow progress.

This brings us back to a broader, somewhat troubling question: is evidence enough? There is enough evidence to support a clear understanding of the systemic changes required to address the climate crisis. These include actions like embracing renewable energy systems and investing in their infrastructure, grounding private jets, drastically reducing middle-class air travel, eliminating food waste and rethinking our dependence on meat-heavy diets. The solutions are tangible and achievable, and the evidence supporting these actions is abundant and undeniable. Yet, despite this clarity, we remain entrenched in patterns of inaction. Governments, preoccupied with political survival and catering to shifting voter bases, often fail to enact meaningful change. Communities are mired in ‘NIMBYism’ – resisting wind farms or renewable infrastructure while clinging to conveniences that maintain the status quo. It is as though we can see the destination and understand the evidence, but we lack the capacity or will to mobilise effectively. This leads to a second, equally pressing question: is activism enough? At this stage of the climate crisis, should we be considering forms of resistance that go beyond conventional activism? Activism has undoubtedly been transformative in many ways, but given the persistent inertia of those in power, do we now require more acute, perhaps even disruptive, forms of resistance to compel action where it has long been delayed? These questions are not easy to answer, but we believe they are critical as we collectively navigate the escalating challenges of the climate.

As this conversation suggests, communication is a pivotal avenue to addressing climate justice. It is a core instrument to addressing these pressing challenges. This perspective stems from the understanding that communication is at the core of both the production of scientific knowledge and how the knowledge interfaces with every other facet of society. The climate crisis permeates lived experience in complicated and uneven ways and the communication task related to it goes beyond a question of quality of messages, audiences and access. Communication is not a simple, linear or static practice, it should be understood to be complex, dynamic and multi-directional. Communication practices and strategies can and should be at the heart of the project of connecting scientific evidence with social justice: the climate crisis is an urgent example of the need for science, as well as the pitfalls of not contextualising and framing it in relation to the complex power struggles that define social life. We call on the community of climate scientists to develop collaborations with critical communications scholars, so that new interdisciplinary methods can be invented to help raise awareness, understanding and action in relation to climate justice. Likewise, we call on communications researchers to work with scientists to imagine new ways to advocate for this crucial issue, which is linked to the survival of all humanity. We need to forge new ways to integrate the narrative and emotional appeal in climate communication. Climate evidence on its own is insufficient; it needs to be integrated with powerful messages that connect sensemaking with personal and collective investment in the environments that sustain human and non-human lives.
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1/2


Microbes play a pivotal role in heat and mass transfer in boundary layer flow. These microbes are added to nanofluids to promote efficiency and the desired fluid properties. Some microbes excrete exoproteins into the solution, which significantly affect chemical reactions, heat and mass transfer. Based on an extensive literature review, we found no models that consider the existence of exoprotein dynamics when modelling boundary layer flow. In our model, we developed a system of partial differential equations and included exoprotein dynamics. The system of partial differential equations was transformed into a system of ordinary differential equations and then solved numerically using the spectral quasilinearisation method to a high degree of accuracy. Our results show that thermophoresis and the Brownian motion parameters increase the exoprotein concentration. The increase in growth rate, carrying capacity, and exoprotein production rate causes a significant increase in exoprotein production, and eventually, the product increases. The degradation of the exoprotein decreases the product concentration. The increase in the growth rate and the thermophoresis parameters also causes the Nusselt number to increase.

Significance:

The action of enzymes drives chemical reactions in biological systems by producing specific protein molecules known as exoproteins. The effect of exoproteins is exploited in various industrial processes, including the brewing industry, pharmaceutical industry and, most recently, in mineral extraction. The current study investigates the fluid and flow dynamics of a nanofluid in the presence of microbes and exoproteins.






Introduction

The study of bioconvection flow is paramount in industrial processes and biomedical technology. Nanofluids and microbes play a significant role in enhancing the flow dynamics of momentum, heat and mass transfer, thereby improving the efficiency of the flow. Bioconvection is the directional collective swimming of microorganisms resulting in a macroscopic convection movement of the fluid.1,2 Nanofluid is a term coined by Choi and Eastman3 to describe fluids that contain nanosized particles to enhance certain key properties of the fluid for a specific desired function. Although Choi and Eastman received much recognition for the idea, Maxwell4 was the first to attempt the technology. This attempt failed because the fluid passages clogged and damaged the pumps, a major setback in the commercialisation of the technology.3,5,6 Typical nanoparticles usually consist of stable metals such as Al, Cu, Au, Ag and Fe oxides (namely Al2O3, CuO, TiO2 and SiO2), carbides (SiC), nitrides (AlN and SiN) or non-metals such as graphite and carbon nanotubes.7,8 Typical base fluids are water, ethylene glycol (including other coolants), oil (including other lubricants), polymers, biofluids and conductive fluids.7

Motile microbes in porous media play a pivotal role in the bioconvection flow as they enhance the thermal efficiency of many systems.9 The microbes can be any of the following: bacteria, fungi, algae, viruses, protozoa, etc. The microbes swim to the upper surface of the fluid and form a macroscopic, dense layer of microbes in the nanofluid, which becomes unstable.10 Microbes are considered relatively less dense than water, resulting in bioconvection phenomena. They present an uneven and unstable structure due to self-propelled microbes swimming to the upper layer of the liquid, and this process of bioconvection flow occurs mainly with bacteria.11 Microbe classification is based on their response to the type of stimulus, for example, gyrotactic, oxytactic, gravitactic or phototactic.12 These microbes produce and actively secrete exoproteins.13 Another microbial toxin class is endotoxins, which remain within the bacterial outer membrane. The idea of using exoproteins commercially is encountered in the brewing14,15 and pharmaceutical industries16-18. In this study, we analysed the effects of the exoproteins on bioconvection flow. We aimed to develop a model that describes and predicts the effects of exoproteins on bioconvection flow. This study is significant considering the effect of exoproteins in cancer treatment when bacteria are exploited to kill advanced cancer cells or alter the function of the cells.19,20 Exoproteins are also important in the manufacturing of vaccines and cheese production.21,22 Ahmad et al.12 developed a model that described exoprotein production, but no studies have modelled the bioconvection flow that included exoprotein production.

The current study is novel in that we are using two new aspects in heat and mass transfer models that are ignored in most models in the literature. Most models on bioconvection in the literature assume that the microbes are added constantly from the wall, ignoring the fact that they can grow in the culture. Furthermore, we investigated the dynamics of the proteins/enzymes excreted by these microbes, something that has been neglected in the past in the field of heat and mass transfer.

Mathematical model

We consider a two-dimensional bioconvection flow of an incompressible nanofluid flowing through a porous medium. The model includes the exoproteins whose concentration at the boundary is mw and is proportional to the microbe’s concentration nw at the surface, that is, mw∝nw. The exoprotein produces a solute (a chemical product of interest) whose concentration is given by S and Sw is the concentration of the solute at the wall. Tw and Cw are considered the temperature and nanofluid concentration at the boundary, respectively.

∂u∂x+∂u∂y=0, Equation 1

u∂u∂x+v∂u∂y=− 1ρ∂p∂x+ν∂2u∂y2−σB02ρu−νKu−CbxKu2+ 1−C∞gβTT−T∞−ρc−ρρgβcC−C∞− ρn−ρρgβnn−n∞,Equation 2

u∂T∂x+v∂T∂y=α1+16σ*T∞33κκ*∂2T∂y2+νCp∂u∂y2+ σB02ρCpu2+νKCpu2+CbxKu3+ τDB∂C∂y∂T∂y+Dn∂n∂y∂T∂y+DTT∞∂T∂y2,Equation 3

u∂C∂x +v∂C∂y= DB∂2C∂y2+ DTT∞ ∂2T∂y2,Equation 4

u∂n∂x+v∂n∂y+bWc∆C∂∂yn∂C∂y=Dn∂2n∂y2+DTT∞∂2T∂y2+rn−n∞1−n−n∞Kn∆n,Equation 5

u∂m∂x+v∂m∂y=Dm∂2m∂y2+λn−n∞−μm−m∞,Equation 6

u∂S∂x+v∂S∂y=DS∂2S∂y2+DTT∞∂2T∂y2+λsm−m∞,Equation 7

The associated boundary conditions are given as

At y=0, u=cx,−кf∂T∂y=hfTw−T,DB∂C∂y+DTT∞∂T∂y=0, m=mw, S=Sw,−кn∂n∂y=hnnw−n.At y→∞, u→0, ∂u∂y→0,T→T∞, C→C∞, n→n∞,m→m∞, S→S∞.Equation 8

Here u is the velocity component along the x-axis and v is the velocity component along the y-axis, with y considered normal to the surface.9 ρ is the fluid density, ρc is the nanoparticle density, ρn is the microbe density, ν is the kinetic viscosity, σ is the fluid conductivity and σ* is the Stefan–Boltzmann constant, which refers to the electrical conductivity of the nanofluid. B0 is the magnetic field, K is the permeability parameter, g is the gravitational acceleration, βT is the thermal coefficient of expansion, βC is the solute coefficient of expansion, βn is the microbe coefficient of expansion, cp is the specific heat capacity, Cb is the geometry-dependent drag coefficient, C and C∞ are the nanoparticle concentration and ambient nanoparticle concentration, respectively, and n and n∞ are the microbe concentration and ambient microbe, respectively. T and T∞ are the temperature and ambient temperature, m and m∞ are exoprotein and ambient exoprotein, DB is the solute Brownian diffusion coefficient, DT is the thermophoretic diffusion coefficient, Dm is the Brownian diffusion coefficient of the exoprotein, Dn is the Brownian diffusion coefficient of the microbe, к is the thermal conductivity, ∝ is the thermal diffusivity, τ is the ratio of heat capacitance of nanoparticles to the base fluid, b is the chemotaxis constant, Wc is the maximum cell swimming speed, λn is the production rate of exoproteins, μm is the natural decay of the exoprotein and p is the pressure. rn−n∞(1−(n−n∞)/∆nKn) describes the logistic growth of microbes, where r is the microbial growth rate and Kn is the carrying capacity. Finally, hf is the convective heat transfer coefficient, hn is the microbe’s transfer rate and кf is the conductivity of the fluid.

Transformation of partial differential equations

Dimensionless transformations are used to reduce the system of partial differential equations, Equations 2–7, and the boundary conditions, Equation 8, to obtain a system of ordinary differential equations. The transformations are given by

ψ=cνxfη, η=ycν, θη=T−T∞TW−T∞,ϕη=C−C∞CW−C∞, χη=n−n∞nW−n∞, ξη=m−m∞mW−m∞,φη=S−S∞SW−S∞, u=cxf′, v=−cνf.Equation 9

The transformed equations are given by

f‴+ff″−Mf′−Kpf′−Frf′2+GrRe2θ−Nrϕ−Rbχ=0,Equation 10

1+43Rdθ″+Prfθ′+Ecf′′2+MEcf′2+KpEcf′2+ FrEcf′3+Nbθ′ϕ′+Nnχ′θ′+Ntθ′2=0,Equation 11

ϕ′′+Scfϕ′+NtNbθ′′=0, Equation 12

χ′′+Sbfχ′−Pbϕ′χ′+τ°ϕ′′+ϕ′′χ+ NtNnθ′′+r~Sbχ1−χKn=0, Equation 13

ξ′′+Sdfξ′−A2ξ+A1χ=0,Equation 14

φ′′+Ss[fφ′+λ~sξ]+NtNsθ′′=0,Equation 15

and the boundary conditions are given as

f′(0)=1,f(0)=0,f′(∞)→0, f′′(∞)→0,θ′(0)=−Bi(1−θ(0)),θ(∞)→0,Nbϕ′(0)+Ntθ′(0)=0, ϕ(∞)→0,χ′(0)=−Bn(1−χ(0)), χ(∞)→0,ξ(0)=1, ξ(∞)→0,φ(0)→1,φ(∞)→0,Equation 16

where

Fr=CbK, Kp=νcK, Re=cx2ν,Gr=gβT1−C∞Tw−T∞ν2x3,M=σβ°2ρc,Nr=βcρc−ρ∆CβTρ1−C∞∆T, Pr=να,Rb=βnρn−ρ∆nβTρ1−C∞∆T, Ec=cx2cp∆T,Sc=νDB, Sb=νDn, Rd=4σ*T∞3кк*,Nb=τDB∆Cν, Nn=τDn∆nν, τ°=n∞∆n,Ns=τDs∆Sν, Nt=τDT∆TνT∞, A1=λ∆nc∆m,A2=μmc, Pb=bWcDn, Sd=νDm,Bi=hfкfxRe, Bn=hnкnxRe,Ss=νDs, λ~s=λs∆mc∆S, r~=rc.Equation 17

We define the parameters in Equations 10–16 as follows: M is the magnetic field parameter, Re is the Reynolds number (ratio of inertial forces to viscous forces), Gr is the Grashof number (ratio of buoyancy to viscous force), Kp is the permeability parameter, Fr is called the Forchheimer number, Nr is the buoyancy ratio parameter (ratio of thermal buoyancy to solute buoyancy), Nb is the Brownian motion parameter, which measures the random movement of particles in a fluid, Nn is the bioconvection Brownian motion parameter, which measures the random movement of microbes in a fluid, Nt is the thermophoresis parameter, which is a measure of the movement of microscopic particles due to a force of the temperature gradient, Rb is the bioconvection Rayleigh number (the ratio of thermal transport due to microorganisms to thermal transport via convection), Ec is the Eckert number, which measures the relationship between a flow’s kinetic energy and the boundary layer enthalpy difference Sc is the Schmidt number (ratio of momentum diffusivity to mass diffusivity), Sb is the bioconvection Schmidt number (ratio of momentum diffusivity to microbes diffusivity), Sd is the Schmidt number (ratio of momentum diffusivity to exoprotein diffusivity), Ss is the Schmidt number for the solute (product), Rd is the thermal radiation (relative contribution of conduction heat transfer to thermal radiation transfer), Pr is the Prandtl number (ratio of momentum diffusivity to thermal diffusivity), Pb is the bioconvection Péclet number (ratio of the movement of microbes as a result of swimming to movement of microbes due to diffusion), τo is the constant microbial concentration difference parameter, τm is the constant exoprotein concentration difference parameter, A1 is the exoprotein production rate by bacteria, A2 is the natural degradation of exoprotein, λs is the production rate for the product “solute”, Bi is the Biot number (thermal) and Bn is the Biot number (microbial).

Momentum, heat and mass coefficients

In this section, we consider the quantities that have an effect at the boundary, such as the local skin friction coefficient, the local Nusselt number, the Sherwood number and the local density number of microbes. The local skin friction coefficient (Cf) is given by

Cf=τw12Uw2=−2 Re−12 f′′0,Equation 18

the local Nusselt number is given as

Nux= x qwκ(Tw−T∞)= −1+ 43RdRe12 θ′0, Equation 19

the local Sherwood number is given as

Shx= x qcDB (Cw−C∞)= −Re12ϕ′0, Equation 20

the local microbe density number is given as

Nnx= x qnDn (nw−n∞)= −Re12χ′0,Equation 21

the local exoprotein density number is given as

Nmx= x qmDm (mw−m∞)= −Re12ξ′0Equation 22

and the local product density number is given by

Nsx= x qsDs (Sw−S∞)= −Re12φ′0,Equation 23

where

τw=−μ∂u∂y |y=0, qw= α(1+ 4 σ∗T∞33κκ∗)∂T∂y|y=0,qc=−DB∂C∂y|y=0, qn=−Dn∂n∂y|y=0,qm=−Dm∂m∂y|y=0, qs=−Ds∂S∂y|y=0.Equation 24

Numerical simulation

The spectral quasilinearisation method involves transforming the domain η∈0, Lx into the computational domain zi∈−1, 1. The N+1 collocation points or grid points are generated from Gauss–Lobatto23

zi=cos(πiN), i=0, 1, 2, …, N,Equation 25

so that the grid points are given by

ηi=Lx(1+zi)2, i=0, 1, 2, …, N.Equation 26

By the spectral collocation method, we introduce the differentiation matrix D used to approximate derivatives of unknown variables (such as f(η)) at the collocation points such that

f′=dfdη=∑j=0NDijf(ηj)=Df, i=0, 1, 2, …, N,Equation 27

where D=2DLx and

f=[f(zo), f(z1), …, f(zN)]Equation 28

is the vector function at the collocation points.23 This implies that

fk=Dkf,Equation 29

where k is the order of the derivative.

The solution is approximated using the Lagrange interpolation polynomials of the form

u(η)=∑t=0Nu^(ηi)Li(η),Equation 30

where

Li(η)=∏i=0,i≠kNη−ηiηk−ηi.Equation 31

We also define Equations 10–15 using the functions F, Θ, Ф, ψ, X and ϒ, respectively, such that

F=f′′′+ff′′−Mf′−Kpf′−Frf′2+GrRe2θ−Nrϕ−Rbχ, Equation 32

Θ=1+43Rdθ′′+Prfθ′+Ecf′′2+MEcf′2+KpEcf′2+ FrEcf′3+Nbθ′ϕ′+Nnχ′θ′+Ntθ′2,Equation 33

Ф=ϕ′′+Scfϕ′+NtNbθ′′, Equation 34

X=χ′′+Sbfχ′−Pbϕ′χ′+τ°ϕ′′+ϕ′′χ     +NtNnθ′′+r~Sbχ1−χKn,Equation 35

ϒ=ξ′′+Sdfξ′−A2ξ+A1χ, Equation 36

ψ=φ′′+Ssfφ′+λ~sξ+NtNsθ′′. Equation 37

Before constructing the iterative formula, we need to define the coefficients of the transformed variables:

a0r=∂F∂f′′′=1, a1r=∂F∂f′′=fr,a2r=∂F∂f′=−M+Kp+2Frfr,a3r=∂F∂f=f′′, a4r=∂F∂θ=GrRe2,a5r=∂F∂ϕ=−GrNrRe2, a6r=∂F∂χ=−GrRbRe2,b0r=∂Θ∂θ′′= 1+43Rd,b1r=∂Θ∂θ′= Prfr+PrNbϕr′+PrNnχr′+2PrNtθr′,b2r=∂Θ∂f′′= 2PrEcfr′′,b3r=∂Θ∂f′=2PrMEcfr′+2PrKPEcfr′+3PrFrEcfr′2,b4r=∂Θ∂f=Prθr, b5r=∂Θ∂ϕ′=PrNbθr′,b6r=∂Θ∂χ′=PrNnθr′c0r=∂Ф∂ϕ′′=1, c1r=∂Ф∂ϕ′=Scfr,c2r=∂Ф∂f=Scϕ′′, c3r=∂Ф∂ϕ′′=NtNb

d0r=∂X∂χ′′=1, d1r=∂X∂χ′=Sbfr−Pbϕr′,d2r=∂X∂χ=−Pbϕr′′+r~Sb1−2χrKn, d3r=∂X∂f=Sbχr′,d4r=∂X∂θ′′=NtNn, d5r=∂X∂ϕ′′=−Pbτo+χr, d6r=∂X∂ϕ′=−Pbχr′,e0r=∂ϒ∂ξ′′=1, e1r=∂ϒ∂ξ′=Sdfr,  e2r=∂ϒ∂ξ=SdA2,e3r=∂ϒ∂f=Sdξr′,  e4r=∂ϒ∂χ=SdA1,h0r=∂ψ∂φ′′=1, h1r=∂ψ∂φ′=Ssfr, h2r=∂ψ∂f=Ssφr′,h3r=∂ψ∂θ′′=NtNs, h4r=∂ψ∂ξ=Ssλ~s.Equation 38

We then define the residuals and also construct the iterative formula for the system of equations:

a0rfr+1′′′+a1rfr+1′′+a2rfr+1′+a3rfr+1+a4rθr+1+ a5rϕr+1+a6rχr+1−F=Rf, Equation 39

b0rθr+1′′+b1rθr+1′+b2rfr+1′′+b3rfr+1′+b4rfr+1+ b5rϕr+1′+b6rχr+1′−Θ = RΘ,Equation 40

c0rϕr+1′′+c1rϕr+1′+c2rfr+1+c3rθr+1′′−Ф=RФ, Equation 41

d0rχr+1′′+d1rχr+1′+d2rχr+1+d3rfr+1+d4rθr+1′′+ d5rϕr+1′′+d6rϕr+1′−X=RX,Equation 42

e0rξr+1′′+e1rξr+1′+e2rξr+1+e3rfr+1+e4rχr+1−ϒ=Rϒ, Equation 43

h0rφr+1′′+h1rφr+1′+h2rfr+1+h3rθr+1′′+h4rξr+1−ψ=Rψ,Equation 44

where R is the residual term for velocity (Rf), temperature (Rθ), nanoparticles (RΦ), microbes (RΧ), exoprotein (Rγ) and solute product (Rψ).

The iterative boundary conditions are given by

fr+1′0=1, fr+10=0, fr+1′∞→0,fr+1′′∞→0, θr+1′0=−Bi1−θr+10, θr+1∞→0,Nbϕr+1′0+ Ntθr+1′0=0, ϕr+1∞→0,χr+1′0=−Bn1−χr+10, χr+1∞→0, ξr+10=1,ξr+1∞→0, φr+10→1, φr+1∞→0. Equation 45

Assume that fo, θo, ϕo, χo, ξo and φo are initial guesses such that

foη=1−e−η, θoη=Bi1+Bie−η,ϕoη=−NtNbBi1+Bie−η, χoη=Bn1+Bne−η,  ξoη=e−η, φoη=e−η.Equation 46

Applying Equation 31, we have

(a0rD3+a1rD2+a2rD+a3rI)fr+1+(a4rI)θr+1+(a5rI)ϕr+1            +(a6rI)χr+1=Rf,Equation 47

(b2rD2+b3rD+b4rI)fr+1+(b0rD2+b1rD)θr+1            +(b5rD)ϕr+1+(a6rD)χr+1=RΘ,Equation 48

(c2rI)fr+1+(c3rD2)θr+1+(c0rD2+c1rD)ϕr+1+0χr+1                +0ξr+1+0φr+1=RФ,Equation 49

(d3rI)fr+1+(d4rD2)θr+1+(d5rD2+d6rD)ϕr+1                +(d0rD2+d1rD+d2rI)χr+1=RX,Equation 50

(e3rD)fr+1+0θr+1+0ϕr+1+(e4rI)χr+1                 +(e0rD2+e1rD+e2rI)ξr+1=Rξ,Equation 51

(h2rI)fr+1+(d3rD2)θr+1+0ϕr+1+0χr+1+(h4rI)ξr+1                +(h0rD2+h1rD)φr+1=Rψ,Equation 52

Equations 46–51 can be written in matrix form as

[A11A12A13A14A15A16A21A22A23A24A25A26A31A32A33A34A35A36A41A42A43A44A45A46A51A52A53A54A55A56A61A62A63A64A65A66][fr+1θr+1ϕr+1χr+1ξr+1φr+1]=[RfRΘRФRXRϒRψ],Equation 53

where

A11=a0rD3+a1rD2+a2rD+a3rI,A12=a4rI, A13=a5rI, A14=a6rI,A15=0, A16=0, A21=b2rD2+b3rD+b4rI,A22=b0rD2+b1rD, A23=b5rD, A24=a6rD,A25=0, A26=0, A31=c2rI, A32=c3rD2,A33=c0rD2+c1rD, A34=0, A35=0,A36=0, A41=d3rI, A42=d4rD2,A43=d5rD2+d6rD, A44=d0rD2+d1rD+d2rI,A45=0, A46=0, A51=e3rD, A52=0, A53=0,A54=e4rI, A55=e0rD2+e1rD+e2rI, A56=0,A61=h2rI, A62=d3rD2, A63=0, A64=0,A65=h4rI, A66=h0rD2+h1rD.Equation 54

Results and discussion

Table 1 gives the values of the parameters used for the simulations and their sources. To validate the accuracy of the numerical scheme, we performed a residual error analysis. The results of the residual error analysis are given in Table 2 and Figure 1. Our errors are of the order of 10−12 to 10−10, which means our scheme is very accurate. In Table 3, we present the study of the effect of some key parameters of interest on the fluid and flow properties. A parameter is varied over three values, and the corresponding values are recorded to see how the parameter affects the local skin friction, Nusselt number, Sherwood number, microbes, exoprotein and product density.



Table 1:Parameter values and sources



	Parameter
	Symbol
	Value
	Reference



	Magnetic field

	M

	(0, 6)

	24,25




	Permeability

	Kp

	0.2

	26




	Forchheimer number

	Fr

	0.5

	27




	Grashof number

	Gr

	(0.1, 1)

	26




	Reynolds number

	Re

	1

	26




	Buoyancy ratio

	Nr

	(0.3, 1.2)

	28




	Bioconvection Rayleigh number

	Rb

	0.1

	8




	Thermal radiation

	Rd

	0.3

	9




	Prandtl number

	Pr

	0.72

	27




	Eckert number

	Ec

	(0.1, 3)

	29




	Brownian motion

	Nb

	(0.1, 5)

	30




	Thermophoresis

	Nt

	(0.1, 0.5)

	6,30




	Microbe’s Brownian motion

	Nn

	0.5

	31




	Schmidt number

	Sc

	3.4

	31




	Bioconvection Schmidt number

	Sd

	3.4

	Assumed




	Bioconvection Péclet number

	Pb

	(0.1, 1.0)

	9,32




	Microbial difference constant

	τo

	0.2

	8




	Microbial growth rate

	r

	0.1

	33




	Carrying capacity

	Kn

	10

	Assumed




	Schmidt number for the protein

	Sd

	3.4

	Assumed




	Schmidt number for the product

	Ss

	3.4

	Assumed




	Exoprotein production rate

	A1

	0.2

	34




	Natural degradation of exoprotein

	A2

	0.1

	Assumed




	Production rate for the product

	λs

	0.9

	Assumed




	Biot number (thermal)

	Bi

	(0.1, 50)

	24,35




	Biot number (microbial)

	Bn

	(0.1, 50)

	Assumed








Table 2:Residual errors





	i

	f(η)

	θ(η)

	ϕ(η)

	χ(η)

	ξ(η)

	φ(η)






	1

	4.52879190×10−09 

	2.48885357×10−11

	2.98805425×10−12

	1.89686045×10−11

	4.66642003×10−12

	1.75433622×10−11




	2

	2.30051267×10−09

	5.62727642×10−12 

	3.44213547×10−12 

	6.90081325×10−12 

	5.01332309×10−12 

	1.15610854×10−11 




	3

	3.69907971×10−09

	1.67381664×10−11 

	4.39359660×10−12 

	1.16373577×10−11 

	5.10451403×10−12 

	2.86101143×10−11 




	4

	1.31282119×10−09

	1.42612588×10−11 

	3.60267371×10−12 

	1.06941123×10−11 

	5.74022774×10−12 

	1.46910817×10−11 




	5

	1.89027927×10−09

	1.24300570×10−11 

	4.64073224×10−12 

	1.65438774×10−11 

	6.08341155×10−12 

	1.27341471×10−11 




	6

	3.15445683×10−10

	2.46913601×10−11 

	4.51194637×10−12 

	1.28380639×10−11 

	5.21832577×10−12 

	1.54740110×10−11 




	7

	4.22095026×10−09

	2.02327044×10−11 

	3.43169937×10−12 

	7.41717798×10−12 

	4.05986356×10−12 

	2.35455266×10−11 




	8

	6.56893429×10−10

	1.12234666×10−11 

	1.33004718×10−12 

	6.43274323×10−12 

	6.89298618×10−12 

	1.53696778×10−11 




	9

	7.16446458×10−10

	1.18538512×10−11 

	5.67790259×10−12 

	6.94899693×10−12 

	4.72447081×10−12 

	1.26509359×10−11 




	10

	8.59152749×10−10

	1.48197010×10−11 

	3.07043280×10−12 

	1.49379398×10−11 

	2.51314941×10−12 

	1.60303160×10−11 
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Figure 1: Residual errors: (a) velocity, (b) temperature, (c) nanoparticles, (d) microbes, (e) exoprotein and (f) product.





Table 3:Effect of varying key parameters on local skin friction f″(0), Nusselt number θ′(0), Sherwood number Φ′(0), microbe density parameter χ′(0), exoprotein density parameter ξ′(0) and product density parameter φ′(0)





	Nt

	r

	A1

	A2

	f″(0)

	θ′(0)

	ϕ′(0)

	χ′(0)

	ξ′(0)

	φ′(0)






	0.2

	0.2

	0.2

	0.1

	−2.28480140

	0.08472393

	−0.12711554

	−0.11929443

	−0.57749971

	1.95304268




	0.3

	 
	 
	 
	−2.28363583

	0.09009348

	−0.19502897

	−0.07848386

	−0.39091858

	2.54242381




	0.4

	 
	 
	 
	−2.28227248

	0.09512741

	−0.26553031

	−0.04548963

	−0.21920718

	3.10752997




	0.5

	 
	 
	 
	−2.28072172

	0.09986325

	−0.33844447

	−0.01947548

	−0.06190059

	3.64600057




	0.3

	0.05

	 
	 
	−2.27936819

	0.07884141

	−0.18563390

	−0.31857071

	−1.01332285

	1.01443160




	 
	0.1

	 
	 
	−2.27999671

	0.08010380

	−0.18665849

	−0.28907304

	−0.93121467

	1.23931874




	 
	0.2

	 
	 
	−2.28363583

	0.09009348

	−0.19502897

	−0.07848386

	−0.39091858

	2.54242381




	 
	0.3

	 
	 
	−2.29748898

	0.13657905

	−0.23488280

	0.83715733

	1.98578069

	8.05432909




	 
	0.2

	0.1

	 
	−2.28363583

	0.09009349

	−0.19502899

	−0.07848364

	−0.79012017

	1.48245432




	 
	 
	0.15

	 
	−2.28363583

	0.09009348

	−0.19502897

	−0.07848386

	−0.59051948

	2.01243891




	 
	 
	0.2

	 
	−2.28363583

	0.09009348

	−0.19502897

	−0.07848386

	−0.39091858

	2.54242381




	 
	 
	0.25

	 
	−2.28363583

	0.09009348

	−0.19502897

	−0.07848386

	−0.19131768

	3.07240871




	 
	 
	0.2

	0.1

	−2.28363583

	0.09009349

	−0.19502899

	−0.07848362

	−0.39091813

	2.54242449




	 
	 
	 
	0.15

	−2.28363583

	0.09009348

	−0.19502897

	−0.07848386

	−0.54240660

	2.23927221




	 
	 
	 
	0.2

	−2.28363583

	0.09009348

	−0.19502897

	−0.07848386

	−0.67328678

	1.99496115




	 
	 
	 
	0.25

	−2.28363583

	0.09009348

	−0.19502897

	−0.07848386

	−0.78890232

	1.79342183








Figure 2 presents the effect of magnetic field parameters on different variables in the model. The application of a magnetic field produces a drag force that leads to a reduction in the velocity of the fluid, which is accompanied by an increase in all other species within the boundary layer. Similar results are found in the literature.36-38 The exoprotein and product are also shown to increase at the boundary layer for increasing values of the magnetic field.

[image: 18964Mpofu_fig2]

Figure 2: Effect of magnetic field parameters on (a) velocity, (b) temperature, (c) nanoparticles, (d) microbes, (e) exoprotein and (f) product.



In Figure 3, we present the effect of the microbial Brownian motion parameter on different model variables. The microbe concentration decreases with increasing values of this parameter. Similar results for this phenomenon were presented by Dhlamini et al.6 The exoprotein and product also decrease with an increase in the microbes’ Brownian motion parameter. This is because these are directly dependent on the microbes, resulting in a decrease in the microbes. This, in turn, leads to a decrease in exoproteins and products. Temperature and fluid velocity increase with an increase in the microbes’ Brownian motion parameter. Dhlamini et al.6 obtained similar results for the temperature profile. Gorla et al.39 reached similar conclusions for solute Brownian motion.

[image: 18964Mpofu_fig3]

Figure 3: Effect of microbe Brownian motion on (a) velocity, (b) temperature, (c) nanoparticles, (d) microbes, (e) exoprotein and (f) product.



In Figures 4, 5 and 6, we study the effect of the microbial growth rate parameter, carrying capacity, rate of production of the product and exoprotein degradation rate. Increasing the bacterial growth rate and carrying capacity leads to an increase in the microbe population33, which, in turn, increases the exoprotein and the product. The temperature also increases, as increasing the microbes’ population increases the microbial Brownian motion. The solute concentration is shown to decrease with an increase in these parameters. The mechanism that drives the phenomenon is not clear at this point. An increase in exoprotein production rate is noted to have a significant effect on the product profile. The product increases significantly with an increase in the exoprotein rate.13 Protein strains enhance the quality of products. For example, in cheese production, proteins play an important role in determining the texture and quality of the cheese by promoting the proteolysis process and the production of bioactive peptides.40

[image: 18964Mpofu_fig4]

Figure 4: Effect of growth rate on (a) temperature, (b) nanoparticles, (c) microbes, (d) exoprotein and (e) product.
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Figure 5: Effect of carrying capacity on (a) microbes, (b) exoprotein and (c) product.
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Figure 6: Effect of exoprotein production and degradation rate parameters: (a) production rate of microbes, (b) production rate of product, (c) degradation rate of microbes and (d) degradation rate of product.



Conclusion

In this article, we have formulated a model to capture the dynamics of momentum, heat and mass transfer in the porous medium flow of a nanofluid with the effect of microbial activity. The current study extended the microbial activities to include the microbial growth and secretion of exoproteins that are used in different industrial technologies, such as in the pharmaceutical industry. The following important observations were deduced from the study:


	•
The magnetic field parameter retards the fluid velocity, leading to a decrease in the convective transport and, thus, an increase in all other species is observed.


	•
Although the mechanism is unknown, the growth rate parameter increases with temperature whilst reducing the nanoparticle concentration close to the wall.


	•
The microbe’s Brownian motion parameter increases with temperature and fluid velocity whilst reducing the microbes, exoproteins and product concentration.








Data availability

All data generated or analysed during the study are included in this published article.

Declarations

We have no competing interests to declare. We have no AI or LLM use to declare. This paper is adapted from a master’s dissertation by M.A.M., supervised by M.D. and submitted to the Department of Applied Mathematics at the National University of Science and Technology (Zimbabwe) for an MSc in Applied Mathematics Modelling.

Authors’ contributions

M.A.M.: Methodology, investigation, formal analysis, validation, numerical analysis, writing – original draft, writing – review and editing. M.D.: Conceptualisation, methodology, investigation, formal analysis, validation, numerical analysis, supervision, writing – original draft, writing – review and editing. A.N.: Methodology, investigation, formal analysis, validation, numerical analysis, writing – original draft, writing – review and editing. N.A.C.: Methodology, investigation, formal analysis, validation, numerical analysis, writing – original draft, writing – review and editing. All authors read and approved the final manuscript.





References




	Platt JR. “Bioconvection patterns” in cultures of free-swimming organisms. Science. 1961;133(3466):1766–1767. https://doi.org/10.1126/science.133.3466.1766

	Ferdows M, Zaimi K, Rashad AM, Nabwey HA. MHD bioconvection flow and heat transfer of nanofluid through an exponentially stretchable sheet. Symmetry. 2020;12(5), Art. #692. https://doi.org/10.3390/sym12050692

	Choi SUS, Eastman JA. Enhancing thermal conductivity of fluids with nanoparticles. Technical report. Lemont, IL: Argonne National Lab; 1995.

	Maxwell JC. A treatise on electricity and magnetism. Vol. 1. Oxford: Clarendon Press; 1873.

	Lee J, Mudawar I. Assessment of the effectiveness of nanofluids for single-phase and two-phase heat transfer in micro-channels. Int J Heat Mass Transf. 2007;50(3–4):451–463. https://doi.org/10.1016/j.ijheatmasstransfer.2006.08.001

	Dhlamini M, Zondo K, Mondal H, Sibanda P, Shaw S, Motsa SS, et al. Secondgrade bioconvection flow of a nanofluid with slip convective boundary conditions. Pramana-J Phys. 2023;97(4), Art. #197. https://doi.org/10.1007/s12043-023-02676-0

	Mutuku WN, Makinde OD. Hydromagnetic bioconvection of nanofluid over a permeable vertical plate due to gyrotactic microorganisms. Comput Fluids. 2014;95:88–97. https://doi.org/10.1016/j.compfluid.2014.02.026

	Dhlamini M, Mondal H, Sibanda P, Motsa S. Rotational nanofluids for oxytactic microorganisms with convective boundary conditions using bivariate spectral quasi-linearization method. J Cent South Univ. 2020;27(3):824–841. https://doi.org/10.1007/s11771-020-4334-x

	Ahmad S, Ashraf M, Ali K. Bioconvection due to gyrotactic microbes in a nanofluid flow through a porous medium. Heliyon. 2020;6(12), e05832. https://doi.org/10.1016/j.heliyon.2020.e05832

	Fathollahi R, Alizadeh A, Safari Y, Nabi H, Shamsborhan M, Taghinia F. Examination of bio convection with nanoparticles containing microorganisms under the influence of magnetism fields on vertical sheets by five-order Runge–Kutta method. Heliyon. 2023;9(5), e15982. https://doi.org/10.1016/j.heliyon.2023.e15982

	Kada B, Hussain I, Pasha AA, Khan WA, Tabrez M, Juhany KA, et al. Significance of gyrotactic microorganism and bioconvection analysis for radiative Williamson fluid flow with ferromagnetic nanoparticles. Therm Sci Eng Prog. 2023;39, Art. #101732. https://doi.org/10.1016/j.tsep.2023.101732

	Ahmad S, Younis J, Ali K, Rizwan M, Ashraf M, Abd El Salam MA. Impact of swimming gyrotactic microorganisms and viscous dissipation on nanoparticles flow through a permeable medium: A numerical assessment. J Nanomater. 2022;2022, Art. #4888128. https://doi.org/10.1155/2022/4888128

	Coleman KD, Fowler AC. A mathematical model of exoprotein production in bacteria. Math Med Biol. 1984;1(1):77–94. https://doi.org/10.1093/imammb/1.1.77

	Bokulich NA, Bamforth CW. The microbiology of malting and brewing. Microbiol Mol Biol Rev. 2013;77(2):157–172. https://doi.org/10.1128/MMBR.00060-12

	Roselli GE, Kerruish DWM, Crow M, Smart KA, Powell CD. The two faces of microorganisms in traditional brewing and the implications for no-and low-alcohol beers. Front Microbiol. 2024;15, Art. #1346724. https://doi.org/10.3389/fmicb.2024.1346724

	Santos-Beneit F. What is the role of microbial biotechnology and genetic engineering in medicine? MicrobiologyOpen. 2024;13(2), e1406. https://doi.org/10.1002/mbo3.1406

	Chunduri A, Donthula N, Jahanavi M, Golla S, Aich P, Sahithya K, et al. Role of microbes in the pharmaceutical industry. In: Kumar S, Kumar N, Shahid-ul-Islam S, editors. Role of microbes in industrial products and processes. Hoboken, NJ: John Wiley & Sons; 2022. https://doi.org/10.1002/9781119901198.ch1

	Ali MZ. Role of microorganism in pharmaceutical industry [document on the Internet]. c2013 [cited 2024 Sep 25]. https://doi.org/10.13140/RG.2.1.4671.0883

	Zahaf NI, Schmidt G. Bacterial toxins for cancer therapy. Toxins. 2017;9(8), Art. #236. https://doi.org/10.3390/toxins9080236

	Weerakkody LRN, Witharana C. The role of bacterial toxins and spores in cancer therapy. Life Sci. 2019;235, Art. #116839. https://doi.org/10.1016/j.lfs.2019.116839

	Schmitt CK, Meysick KC, O’Brien AD. Bacterial toxins: Friends or foes? Emerg Infect Dis. 1999;5(2), Art. #224. https://doi.org/10.3201/eid0502.990206

	Melkonian C, Zorrilla F, Kjarbolling I, Blasche S, Machado D, Junge M, et al. Microbial interactions shape cheese flavour formation. Nat Commun. 2023;14(1), Art. #8348. https://doi.org/10.1038/s41467-023-41059-2

	Motsa SS, Dlamini PG, Khumalo M. Spectral relaxation method and spectral quasilinearization method for solving unsteady boundary layer flow problems. Adv Math Phys. 2014;2014, Art. #341964. https://doi.org/10.1155/2014/341964

	Dhlamini M, Mondal H, Sibanda P, Motsa S. Activation energy and entropy generation in viscous nanofluid with higher-order chemically reacting species. Int J Ambient Energy. 2022;43(1):1495–1507. https://doi.org/10.1080/01430750.2019.1710564

	Dhlamini M, Zondo K, Duve P, Mondal H, Mishra S, Sibanda P, et al. Cattaneo-Christov heat flux-based micropolar nanofluid flow with relaxation, slip, and temperature jump effects. Results Eng. 2024;23, Art. #102645. https://doi.org/10.1016/j.rineng.2024.102645

	Dhlamini M, Kameswaran PK, Sibanda P, Motsa S, Mondal H. Activation energy and binary chemical reaction effects in mixed convective nanofluid flow with convective boundary conditions. J Comput Des Eng. 2019;6(2):149–158. https://doi.org/10.1016/j.jcde.2018.07.002

	Mburu ZM, Mondal S, Sibanda P. Numerical study on combined thermal radiation and magnetic field effects on entropy generation in unsteady fluid flow past an inclined cylinder. J Comput Des Eng. 2021;8(1):149–169. https://doi.org/10.1093/jcde/qwaa068

	Pal D, Mondal H. The influence of thermal radiation on hydromagnetic Darcy–Forchheimer mixed convection flow past a stretching sheet embedded in a porous medium. Meccanica. 2011;46:739–753. https://doi.org/10.1007/s11012-010-9334-8

	Makinde OD, Sibanda P. Effects of chemical reaction on boundary layer flow past a vertical stretching surface in the presence of internal heat generation. Int J Numer Methods Heat Fluid Flow. 2011;21(6):779–792. https://doi.org/10.1108/09615531111148509

	Sithole H, Mondal H, Sibanda P. Entropy generation in a second grade magnetohydrodynamic nanofluid flow over a convectively heated stretching sheet with nonlinear thermal radiation and viscous dissipation. Results Phys. 2018;9:1077–1085. https://doi.org/10.1016/j.rinp.2018.04.003

	Alsaedi A, Razaq A, Hayat T, Khan SA. On bioconvective chemically reactive flow involving applications of magnetohydrodynamic and radiation. Alexandria Eng J. 2023;75:549–563. https://doi.org/10.1016/j.aej.2023.06.015

	Imran M, Farooq U, Waqas H, Anqi AE, Safaei MR. Numerical performance of thermal conductivity in bioconvection flow of cross nanofluid containing swimming microorganisms over a cylinder with melting phenomenon. Case Stud Therm Eng. 2021;26, Art. #101181. https://doi.org/10.1016/j.csite.2021.101181

	Allen RJ, Waclaw B. Bacterial growth: A statistical physicist’s guide. Rep Prog Phys. 2018;82(1), Art. #016601. https://doi.org/10.1088/1361-6633/aae546

	Horska K, Vankova J, Šebesta K. Determination of exotoxin in bacillus thuring-iensis cells. Zeitschrift Naturforschung C. 1975;30(1–2):120–123. https://doi.org/10.1515/znc-1975-1-224

	Olanrewaju PO, Arulogun OT, Adebimpe K. Internal heat generation effect on thermal boundary layer with a convective surface boundary condition. Am J Fluid Dyn. 2012;2(1):1–4. https://doi.org/10.5923/j.ajfd.20120201.01

	Dhlamini M, Mondal H, Sibanda P, Mosta SS, Shaw S. A mathematical model for bioconvection flow with activation energy for chemical reaction and microbial activity. Pramana. 2022;96(2), Art. #112. https://doi.org/10.1007/s12043-022-02351-w

	Dhlamini M, Mondal H, Sibanda P, Motsa S. Spectral quasi-linearization methods for Powell–Eyring MHD flow over a nonlinear stretching surface. J Nanofluids. 2018;7(5):917–927. https://doi.org/10.1166/jon.2018.1503

	Misra S, Kamatam G. Effect of magnetic field, heat generation and absorption on nanofluid flow over a nonlinear stretching sheet. Beilstein J Nanotechnol. 2020;11(1):976–990. https://doi.org/10.3762/bjnano.11.82

	Gorla RSR, Chamka AJ, Rashad AM. Mixed convective boundary layer flow over a vertical wedge embedded in a porous medium saturated with nanofluid: Natural convection dominated regime. Nanoscale Res Lett. 2011;6, Art. #207. https://doi.org/10.1186/1556-276X-6-207

	Bouroutzika E, Proikakis S, Anagnostopoulos AK, Katsafadou AI, Fthenakis GC, Tsangaris GT. Proteomics analysis in dairy products: Cheese, a review. Appl Sci. 2021;11(16), Art. #7622. https://doi.org/10.3390/app11167622













Sajs

[ISO Abbr]

[Publisher ID]


S Afr J Sci.



1996-7489

[ISSN]


[Publisher Name]






18193

https://doi.org/10.17159/sajs.2026/18193



Research Article





[image: Callaghan]

Artificial intelligence–assisted diagnosis of prostate cancer based on prostate biopsy







AUTHORS:



Dilber U.Ozsahin1,2,3 

Declan I.Emegano3 

Mubarak T.Mustapha3 

BernaUzun3,4,* 

IlkerOzsahin3,5,* 





AFFILIATIONS:



1Department of Medical Diagnostic Imaging, College of Health Science, University of Sharjah, Sharjah, United Arab Emirates

2Research Institute for Medical and Health Sciences, University of Sharjah, Sharjah, United Arab Emirates

3Operational Research Center in Healthcare, Near East University, Mersin, Turkey

4Department of Mathematics, Near East University, Mersin, Turkey

5Brain Health Imaging Institute, Department of Radiology, Weill Cornell Medicine, New York, New York, USA

*Current: Department of Mathematical Sciences, Saveetha School of Engineering, Saveetha Institute of Medical and Technical Sciences (SIMATS), Chennai, India




CORRESPONDENCE TO:
Dilber Ozsahin




EMAIL:
dozsahin@sharjah.ac.ae





DATES:




Received: 02

May

2024




Revised: 08

Apr.

2025




Revised: 02

Oct.

2025




Accepted: 24

Oct.

2025




Published: 29

Jan.

2026







HOW TO CITE:



Ozsahin DU, Emegano DI, Mustapha MT, Uzun B, Ozsahin I. Artificial intelligence–assisted diagnosis of prostate cancer based on prostate biopsy. S Afr J Sci. 2026;122(1/2), Art. #18193. https://doi.org/10.17159/sajs.2026/18193





ARTICLE INCLUDES:




	☒
Peer review


	☐
Supplementary material








DATA AVAILABILITY:




	☐
Open data set


	☐
All data included


	☒
On request from author(s)


	☐
Not available


	☐
Not applicable








EDITORS:



PascalBessong 

ShaneRedelinghuys 





KEYWORDS:



AI, benign, malignant, biopsy, prostate cancer




FUNDING:
None

[image: E-WEB-Goal-03]



© 2026. The Author(s). Published under a Creative Commons Attribution Licence.





122

1/2


Prostate cancer is the most common solid tumour in men and the fifth leading cause of cancer death globally. It requires timely and accurate diagnostic procedures for the treatment processes. However, these procedures are labour intensive because of the histological examination of prostate biopsy specimens, which can be subject to interpretative variability. The present study was designed to evaluate the effectiveness of deep-learning algorithms specifically for the task of classifying prostate biopsy images into two categories: benign or malignant. The data set included 247 cancerous and 514 benign histological biopsy images. The data set was derived from patients aged between 39 and 80 years and who underwent prostate biopsies at the Federal Teaching Hospital in Lokoja, Nigeria, between 2019 and 2023. We augmented the data set to 10 000 histological images, after which 50 images from the same cohort were reserved for validation. Multiple Source Hierarchical Aggregation Neural Network, densely connected convolutional network, EfficientNet, Inception v3, MobileNet, ResNet-50, Visual Graphics Group 16 and Visual Graphics Group 19 were among the deep-learning models that were trained and verified. The results showed that densely connected convolutional network had an accuracy value of 0.96, with precision, recall and F1 scores of 1.00, 0.92 and 0.96, respectively, for benign cases and 0.93, 1.00 and 0.96, respectively, for malignant cases. Deep-learning models, especially the densely connected convolutional network, have shown great potential to distinguish between benign and malignant prostate images; as a result, they can significantly enhance prostate cancer diagnosis by improving diagnostic uniformity and efficacy for pathologists.

Significance:


	•
This study demonstrates the effectiveness of deep-learning models in enhancing artificial intelligence–assisted histopathological diagnosis by classifying prostate biopsy images.


	•
Artificial intelligence tools enhance accuracy and reliability, making them valuable resources for decision-makers.


	•
Additional validation in a variety of healthcare environments is needed to verify the real-world relevance as well as the generalising potential of our results.









Introduction

Prostate cancer is the most common type of cancer in men and a major global public health issue, accounting for 7.3%1 of all male cancer diagnoses worldwide. Historically, prostate cancer diagnosis heavily relied on prostate-specific antigen tests, digital rectal examinations and various types of imaging techniques.2 Although the aforementioned methods have made a substantial contribution to early prostate cancer detection, they are frequently constrained by both sensitivity and specificity, which can result in either overdiagnosis or misdiagnosis. The early diagnosis of prostate cancer is essential because it enhances diagnostic precision and therapeutic outcomes. The current standard for diagnosing prostate cancer is biopsy, especially transrectal ultrasonography guided biopsy, which is commonly used.3 However, transrectal ultrasonography is constrained by sampling errors because of the different features of prostate tumours, variability among pathologist assessments and, above all, it is highly invasive. Because of the limitations highlighted, there is a need for enhanced evaluation techniques that can improve accuracy and minimise invasiveness.

The complexity of human interpretation and the challenges faced by pathologists due to their large caseload underscore the need for artificial intelligence (AI) solutions in diagnosis.

Recently, AI has been a revolutionary force in numerous healthcare sectors, revolutionising diagnosis, treatment and the management of patient data.4 It is currently being used in health care to speed up diagnostic procedures by providing up-to-date recommendations. AI-driven image analysis can evaluate medical images and identify small changes as early signs of diseases. In histopathology, AI could be used to assess histological slides and classify malignant tumours with high precision.5 AI-driven image analysis has advanced modern medicine by recognising prostate cancers and inflammatory markers, especially in radiographic imaging. Early disease diagnosis is crucial for preventing severe health complications for patients. AI algorithms can evaluate data sets on medical images and look for tiny alterations that could be early signs of diseases. In a histopathological context, AI algorithms play a useful role in assessing histological slides in the field of pathology. AI, most notably through machine- and deep-learning models, has exhibited exceptional abilities in analysing multifaceted medical data, such as images, tissue pathology and other biological data.6 The AI models identify intricate structures and latent attributes that are not visible to human observation, resulting in an increasingly accurate diagnosis. As a result, AI’s ability to identify tumour sites and structural variants and its strong image interpretation have made it a significant health speciality.7 Furthermore, advancements in AI, particularly machine- and deep-learning techniques, are transforming the diagnosis of prostate cancer, improving patient outcomes and reducing mortality rates, enabling efficient and precise pathologic evaluations. AI’s strong interaction with medical images has led to a boom in various health specialities in the 21st century, providing potential insights into cancer diagnosis and pathological contexts.8 However, successful implementation requires challenges such as data quality, interoperability and regulatory permission to be addressed. The quantity and quality of data are crucial, and compatibility between electronic health records, image archives and healthcare communication systems is also essential.9

Literature review

Several lines of evidence have demonstrated considerable potential for AI in diagnosing prostate cancer using prostate biopsy. For instance, Ström et al.10, using a population-based approach, demonstrated the efficacy of AI in the diagnosis and grading of prostate cancer from prostate biopsies. In the same vein, Perincheri et al.11 employed a high level of accuracy for the detection of prostate cancer and found that it had a high level of diagnostic accuracy, showcasing the dependability of AI and its successful implementation in the diagnosis. Furthermore, da Silva et al.12 focused on the performance of prostate auto-detection systems using AI in practical scenarios. Their findings suggest that the AI auto-detection system can distinguish between patients who can undergo complete histopathological assessment and those who cannot. The literature review by Bhattacharya et al.13 indicates that AI models are employed for the detection of prostate cancer, showing the importance of these AI models in radiology and histology for the detection of cancers from images. Ultimately, the aforementioned scholars have demonstrated the significant effect of AI on diagnosing prostate cancer using biopsy samples. This has the potential to improve both the precision and the effectiveness of prostate cancer diagnosis. On top of that, the incorporation of deep-learning computational techniques into AI systems has also demonstrated notable potential in improving the readability of biopsy images, thereby assisting oncologists in making precise diagnoses.14 In a recent study, Zhu et al.15 proposed an explanatory result on the management of prostate cancer. The study suggested that AI-based methodologies could assist pathologists in reducing their workload and developing treatment recommendations for prostate cancer while also providing an overview of the procedure and challenges encountered. In this study, our goal was to evaluate and enhance the potential of numerous AI deep-learning models for the classification of prostate biopsy samples as either benign or malignant. The results of this study enhance the diagnostic accuracy as well as the efficiency of the prostate cancer diagnostic workflow.

Materials and methods

Data set description

The data set in our study originated from the Federal Teaching Hospital in Lokoja, Nigeria, collected from men aged 39–80 years who, because of elevated prostate-specific antigen, were recommended for biopsy by the physician. The data set was collected between January 2019 and December 2023. The physician performed a transrectal ultrasound-guided biopsy because it is the most common successful biopsy method. The prostate biopsy tissues were then preserved in 10% buffered formalin to avoid autolysis and putrefaction and, above all, to maintain the morphological characteristics of the tissue. The tissue (Figure 1a) was cut using a surgical blade and placed in a cassette for grossing. The tissue was dehydrated using grades of alcohol (80%, 90% and 100%) solution, then cleared using xylene so that the paraffin wax could infiltrate the tissue (Figure 1b) well at temperatures between 40 °C and 70 °C before processing (Figure 1c). Next the tissue underwent embedding, in which the paraffin block (cool paraffin wax and tissue) was stored at room temperature before sectioning (Figure 1d). The tissue was sectioned using a microtome and then cut into 3–5 µm sections before staining. We used haematoxylin and eosin (Figure 1e), a conventional technique for examining disease and human anatomy16, to stain the tissue. Due to its strong affinity for the acidic components of the tissue, haematoxylin17 stains cell nuclei in shades of purple18, whereas eosin produces pink colouration on the cytoplasmic components of the tissue, allowing for their microscopic visibility. The tissue sections were then viewed under the microscope (Figure 1f and 1g) using a 10× objective and 100× magnification. The image in Figure 2 forms the basis of our data set for this study. As a result, we had 748 (214 for malignant and 514 for benign) histological images comprising the data set for this study.
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Figure 1: Prostate tissue sectioning and processing. (a) Tissue grossing; (b) fixation of tissue in formalin; (c) automated tissue processing; (d) paraffin wax embedding; (e) haematoxylin and eosin staining; (f) stained tissue slide; (g) microscopic examination.
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Figure 2: (a) Malignant histological prostate slides. (b) Benign histological prostate slides.



Image and data processing

The images (Figure 2), saved as a joint photographic experts group (JPEG), were then repurposed into uniform portable network graphics (PNG) files to maintain data quality and support various colour depths, including index, greyscale and true colours, with the combination of alpha transparency. Then, Python 9.2.0 and Scikit-image version 0.19.3 were used to augment the data set, as recorded in Table 1. Augmentation improves model generalisation, enhances robustness and reduces overfitting.



Table 1:Distribution of the augmented prostate tissue histological images data set by prostate-specific antigen (PSA) type



	PSA type
	Original size
	Initialise size
	Image mode
	Output
	Processing time (s)
	Reserved data for validation

	Benign
	514
	464
	4320 × 3240
	10 000
	9.025
	50

	Malignant
	247
	197
	4320 × 3240
	10 000
	14.025
	50





Also, augmentation reduces the cost of labelling and the collection of data. Above all, the accuracy of the model will be increased. The output of the augmentation was 10 000 images, which were used in this study. The augmented data set was then subjected to image denoising (noise reduction).

Denoising

Image denoising is a process that improves the quality of digital images by cleaning up muddled digital content. Noise, caused by factors such as sensor limits, interference or the environment, can significantly reduce the sharpness and detail of an image. We also employed spatial denoising, which determines each pixel’s greyscale value and domain and also uses mathematical analysis to transform the features of image data and background noise. In addition, a deep convolutional neural network autoencoder was used, which can learn useful data characteristics and representations to recreate the original image without human supervision.19 The autoencoder consists of a deep neural network encoder and decoder, with the encoder processing images before sending them to the decoder, which analyses hidden coding and generates a new version of the original image.

Proposed models

In this study, we used the deep-learning models Multiple Source Hierarchical Aggregation Neural Network (MSHA), densely connected convolutional network (DenseNet), EfficientNet, Visual Graphics Groups (VGG19 and VGG16), Inception v3, ResNet-50 and MobileNet. MSHA is flexible and combines image categorisation and object identification in a single architecture, thereby eliminating the need for multiple models.20 MSHA features batch normalisation, dropout layers, residual connections and focused attention techniques. DenseNet addresses vanishing gradients and feature reuse in deep-learning networks. DenseNet differs from traditional convolutional neural networks by providing a feed-forward connection to all layers, enabling direct supervision through compact pathways in backward propagation.21 DenseNet’s efficiency also enhances flow for optimisation and reduces overfitting, making it a valuable tool for deep learning.21 EfficientNet improves classification accuracy by focusing on model depth and width resolution. EfficientNet also ensures that the network’s overall dimensions are in equilibrium with available resources, resulting in better results.22 Similarly, Inception v3 stands out for its speed and precision, making it popular in image categorisation due to its fewer parameters and more depth, thus removal of unfitting.23 However, for MobileNet, a self-learning mechanism to automatically extract features with high accuracy, reducing model parameters and computation time is achieved. ResNet 50 has 50 layers of architecture, which improves the model’s accuracy through a vanishing gradient.24 VGG16 is a widely used deep-learning model for image categorisation. The VGG16 model has been updated to enhance its depth for more sophisticated characteristics. The 19-layer architecture, derived from the VGG16 model, incorporates three fully connected layers and a rectified linear unit activation function, enabling it to detect and learn from intricate patterns in input data.25

Evaluation metrics

The effectiveness of the models was evaluated across several domains using model evaluation metrics. The evaluation metrics are accuracy, precision, recall and F1 score. Accuracy measures the model’s performance by dividing the sum of true positives and true negatives by the overall number of instances. Precision indicates how accurately the model makes predictions, while recall focuses on accurately identifying pertinent instances. Similarly, the F1 score is a harmonic mean that balances precision and recall. The overall evaluation metric is presented in Table 2.



Table 2:Evaluation metrics



	Model
	Calculation formula

	Accuracy
	TP+TNTP+TN+FP+FN

	Precision
	TPTP+FN

	Recall
	TPTP+TN

	F1 score
	2×Precision×RecallPrecision+Recall




TP, True positive; TN, true negative; FP, false positive; FN, false negative





Training and validation of models

Our initial data set contained 514 images for benign and 247 images for cancerous tissue. We then removed 50 images from benign and 50 from cancerous to be used as a validation data set. The remaining 464 benign and 197 cancerous prostate images were then augmented to 10 000 images for benign and 10 000 for cancerous, as recorded in Table 1. The augmentation ensures data enhancement, robustness and variability. We then randomly split the augmented images into training (70%) and testing (30%). The reserved data set is only used for validation, and it ensures model generalisability and robustness. The data set was simulated in Python and then processed uniformly (training, testing and validation) in batches of 32. This strategy enhances the model’s learning process, thus ensuring that the error computations are accurate and guaranteeing that the model is progressing in the correct direction. We shuffled the training and validation data sets to avoid memorising the effect of a particular trend and ensure every training phase incorporated a diverse range of data sets. Finally, we used 50 epochs to train the model and added a callback and early stopping for regularisation while maintaining validity loss. This is not a standard rule and is dependent on the individual researcher’s discretion.

Methodological overview

Figure 3 depicts the sequential process of data collection, preprocessing, modelling, training, validation and findings, presenting an easily understood graphic illustration of the research’s design.
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Figure 3: Study flow chart.



Results

The overall result of AI-assisted diagnosis of prostate cancer based on prostate biopsy using deep-learning models is recorded in Table 3. The values in Table 3 indicate that DenseNet had an accuracy value of 0.98 with precision, recall and F1 scores of 1.00, 0.92 and 0.96, respectively, for benign cases and 0.93, 1.00 and 0.96, respectively, for malignant cases. ResNet 50 and VGG16 ranked low because of the difficulty in identifying benign cases.



Table 3:Performance evaluation metrics



	Model
	 	Accuracy
	Precision
	Recall
	F1 score

	 	Benign
	 	1.0
	0.92
	0.96

	DenseNet
	 	0.98
	 	 	 
	 	Malignant
	 	0.93
	1.0
	0.96

	 	Benign
	 	1.00
	0.86
	0.92

	MSHA
	 	0.93
	 	 	 
	 	Malignant
	 	0.88
	1.00
	0.93

	 	Benign
	 	1.00
	0.92
	0.96

	EfficientNet
	 	0.96
	 	 	 
	 	Malignant
	 	0.93
	1.00
	0.96

	 	Benign
	 	0.98
	0.92
	0.95

	Inception v3
	 	0.95
	 	 	 
	 	Malignant
	 	0.92
	0.98
	0.95

	 	Benign
	 	0.98
	0.94
	0.96

	MobileNet
	 	0.96
	 	 	 
	 	Malignant
	 	0.94
	0.98
	0.96

	 	Benign
	 	0.86
	0.38
	0.53

	ResNet 50
	 	0.66
	 	 	 
	 	Malignant
	 	0.60
	0.94
	0.73

	 	Benign
	 	1.00
	0.82
	0.90

	VGG19
	 	0.91
	 	 	 
	 	Malignant
	 	0.85
	1.00
	0.92

	 	Benign
	 	0.86
	0.38
	0.53

	VGG16
	 	0.66
	 	 	 
	 	Malignant
	 	0.60
	0.94
	0.73





We thoroughly evaluated how well the model worked by providing model training and testing losses (Table 4), with area under the curve (AUC) receiver operating characteristic (ROC) values. Again, AUC measures the discriminating capability of the deep-learning models. Models with higher AUCs performed better.



Table 4:Model testing losses and area under the curve (AUC) receiver operating characteristic (ROC) values



	Model
	Test loss
	AUC ROC

	DenseNet
	0.13
	0.9988

	MSHA
	0.31
	0.9941

	EfficientNet
	0.17
	0.9752

	Inception v3
	0.17
	0.9764

	MobileNet
	0.26
	0.9632

	VGG16
	0.59
	0.8892

	ResNet 50
	0.59
	0.8696

	VGG19
	0.32
	0.9560





Moreover, the learning curve and confusion matrix for each deep-learning model are also presented. The learning curve shows the dynamics spanning each of the training epochs by graphing the accuracy (Figure 4) and loss curves (Figure 5) for training as well as validation data sets. This helped us identify problems such as underfitting or overfitting through comparative analysis of both losses.
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Figure 4: Accuracy curve of the DenseNet and other models.
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Figure 5: Loss curve of the DenseNet and other models.



The confusion matrix (Figure 6) also shows the detailed performance of the models as true positive, true negative, false positive and false negative results. Furthermore, the model’s performance was also evaluated using the ROC curve, providing a graphical representation of each of the deep-learning models used in this study. Graphically, the ROC shows the true positive rate (sensitivity) and false positive rate (1-specificity) of our study as shown in Figure 7.
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Figure 6: Confusion matrix of the deep-learning models used in this study.
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Figure 7: Receiver operating characteristic (ROC) curve of the deep-learning models used in this study.



Discussion

We analysed the performance of different deep-learning architectures for prostate cancer classification using histological images. DenseNet demonstrated impressive adaptability in image classification and object recognition evaluations, outperforming existing architectures such as MSHA, EfficientNet, Inception v3 and ResNet-50. This highlights the importance of considering efficiency and complexity in model-specific task selection. VGG19, VGG16 and MobileNet also demonstrated fine-tuning characteristics for optimal performance in identifying and categorising benign and malignant prostate cases. DenseNet’s successful integration of image categorisation and object recognition in a single architecture represents a paradigm shift in deep-learning applications.

Clinically, the results of this study have significant implications for the diagnosis of prostate cancer. For instance, the accuracy and F1 scores of DenseNet illustrate the capacity to augment and improve conventional histopathological assessments. The results, when integrated into clinical workflow, will help oncologists to ensure diagnostic precision and consistency. In addition, it could help in the early detection of cancer, which greatly influences treatment success.

As recorded in Table 3, DenseNet models performed exceptionally well in the test, displaying a high degree of efficiency and accuracy. Comparing our findings with those of other published articles, we found that our study, in terms of the number of images in the data set, outnumbered Campanella et al.26 However, with 12 132 images as a data set, the Multiple Instance Learning-Recurrent Neural Network model used by Campanella et al. produced a higher AUC value (0.99) compared with this study (0.96). This mismatch may result from their more extensive initial study data, which obviously covered broader histological heterogeneity. Our study’s data set was augmented to 20 000 images from 761 slides, which may restrict feature variety. Next, our study showed superior performance compared with Vazzano et al.27 Convolutional neural network results, with 30 patients as a data set, were 0.97 for specificity, 0.99 for sensitivity and 0.76 for the correlation coefficient. Similarly, our study showed superior performance as compared with Ordones et al.28 Ordones et al.’s original data before augmentation were 428 histological images from a biopsy, compared with our original 728 histological samples from biopsy. Ordones et al.’s study recorded 0.8 and 0.73 as ROC and accuracy values, compared with 0.87 and 0.65 for our study. However, after modification, the deep-learning architecture was used by Ordones et al. to improve prostate cancer diagnosis. The ResNet50 model values outperformed this study in terms of F1 scores of 95.2%. This discrepancy could originate from the use of tailored preprocessing, warranting investigation in additional study sections (iteration). Swiderska-Chadaj et al.29 used 582 prostate whole slide images; DenseNet and EfficientNet were the best-performing models, with 0.92 and 0.83 as AUC ROC values, as compared with 0.99 and 0.98, respectively, in our study. Finally, Gour et al.30 used ResNet50, VGG16 and 19, Inception v3 and EfficientNet, but our study outperformed their best model, EfficientNet, with an accuracy value of 96% compared with Gour et al.’s 90%.

Limitations

The data set used in this study was from a single healthcare centre, which may cause bias given that prostate cancer features differ among populations. In our subsequent research, we hope to integrate multicentre data and augment the number of original slides to improve robustness, hence resolving the limitation regarding data set size. Although 761 slides (from various patients) were adequate for this proof of concept, an expansion to thousands of slides could further substantiate the models.

Conclusion

This study shows that AI-assisted diagnosis using deep-learning models markedly improves the accuracy and efficiency of classifying biopsy images. We utilised the deep-learning architectures DenseNet, MSHA, EfficientNet, Inception v3, MobileNet, ResNet 50, VGG16 and VGG19 to categorise histological prostate tissue images. DenseNet had an accuracy value of 0.96 with precision, recall and F1 scores of 1.00, 0.92 and 0.96, respectively, for benign cases and 0.93, 1.00 and 0.96, respectively, for malignant cases. The results of this study are highly significant as they highlight the capability of AI to support pathologists’ clinical evaluation of prostate cancer patients, guaranteeing more accurate and consistent diagnoses of prostate cancer.
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Dinosaur tracks, probably aged ~132 Ma, have been identified in South Africa’s Western Cape Province, where they occur within the Brenton Formation of the Cretaceous Uitenhage Group. At least one dinosaur bone has previously been identified from the Brenton Formation. Tracks are evident both in profile in low cliff exposures and as pedestalled surface tracks or penetrative undertracks on a mudstone/siltstone surface that is ephemerally exposed within an intertidal zone. The trackmaker assemblage is interpreted to include theropods, possibly ornithopods and possibly sauropods. These form the probable youngest reported dinosaur tracks in southern Africa, the second record of dinosaur tracks from the southern African Cretaceous, and the second record from the Western Cape Province. The first dinosaur tracks to be identified in the Western Cape Province were recently reported from Robberg Formation deposits (also from the Uitenhage Group) aged ~140 Ma.

Significance:


	•
Cretaceous dinosaur tracks have been identified in the Brenton Formation.


	•
These form the second report of dinosaur tracks in the Western Cape Province of South Africa


	•
At an estimated 132 million years old, these tracks would be the youngest dinosaur tracks thus far identified in southern Africa.


	•
The tracks are evident in profile view in cliffs and in plan view.


	•
Tracks of theropods, possible ornithopods and possible sauropods have been identified.


	•
A search for dinosaur tracks in other suitable formations of similar age in the Western Cape is indicated.









Introduction

The southern African Mesozoic vertebrate ichnological record is world renowned and contains reports of dinosaur tracks from Triassic and Jurassic deposits from the Karoo Basin in Lesotho and the Eastern Cape and Free State provinces of South Africa. These reports began with the seminal work of Ellenberger1-3, followed by many subsequent publications4-13. Peripheral basins in Namibia and Zimbabwe have contributed further to the Triassic and Jurassic vertebrate ichnological record for the sub-continent.14,15

The abrupt termination of the record of both body fossils and trace fossils around 182–183 Ma is accounted for by the overlaying of Karoo Basin sedimentary deposits by vast quantities of basaltic lava, now referred to as the Drakensberg Group.16 Ichnological evidence has demonstrated that at least some theropods, ornithischians and synapsids survived the initial effect of these lava flows, and have been inferred to be among the last vertebrates to inhabit the Karoo Basin.17

Whereas at a global level the Late Jurassic and Cretaceous periods are regarded as a dinosaur ‘heyday’, the Cretaceous fossil record in southern Africa is relatively sparse. Associated with the fragmentation of Gondwana, limited Cretaceous terrestrial deposits formed in the Algoa Basin and elsewhere in what are now the Western Cape and Eastern Cape provinces of South Africa18, as well as in Namaqualand/Bushmanland, KwaZulu-Natal and Zimbabwe16. In the Eastern Cape and Western Cape these deposits form part of the Uitenhage Group19, within which dinosaur body fossils have been discovered in the Kirkwood Formation20. They include the first dinosaur to be identified in the southern hemisphere, now identified as a stegosaur21, sauropods20,22, a coelurosaurian23,24, theropods20, and iguanodontid hatchlings and juveniles25. Non-dinosaurian vertebrates include garfish, turtles and crocodylians.20

In addition to the two examples (described below) of skeletal material from the Brenton Formation, there are three or four other reported examples from the Western Cape Province, all from the Kirkwood Formation. A sauropod tooth was found north of Oudtshoorn by Broom in 1927.26 Du Toit (p. 387) referred to “a few dinosaurian teeth” which had been found near Oudtshoorn, without providing further details.27 Disarticulated bones, including a large centrum, were found in 1964 near Calitzdorp.28 They were initially interpreted as plesiosaurian, but are now thought to be from a sauropod.26 A sauropod tooth was identified in the Vleesbaai area west of Mossel Bay.29 Until recently, Mesozoic vertebrate trace fossils had not been described from deposits of the Uitenhage Group or, for that matter, anywhere in southern Africa following the deposition of the enormous lava flows in the Karoo Basin.

A variety of rock types occur along the Cape south coast. For the most part, Cenozoic deposits of the Bredasdorp Group are interspersed with Palaeozoic quartzite exposures of the Cape Supergroup, and granite exposures of the Cape Granite Suite, unconsolidated Holocene dunes and expanses of beach; Mesozoic deposits constitute less than two per cent of this stretch of coastline.30 Nonetheless, Plint et al.31 reported tracks of sauropods and possibly ornithopods from deposits of the Robberg Formation32, which forms part of the Uitenhage Group. The majority of these Berriasian (~140 Ma) tracks were identified in profile in cliff exposures.

A tiny pocket of Cretaceous Brenton Formation deposits is exposed along the shore of the Knysna Estuary (Figure 1). It has yielded a theropod tooth and probably a portion of an ornithischian tibia – the latter, found on a beach at Brenton-on-Sea, may have originated in an offshore exposure of the Brenton Formation.33 Along with the examples mentioned above, these constitute the only known published records of vertebrate Mesozoic body fossils from the Western Cape Province.

[image: 22809Helm_fig1]

Figure 1: (a) Map showing the extent of Cretaceous deposits in South Africa’s Western Cape and Eastern Cape provinces. The exposure of the Brenton Formation at Knysna is indicated by an asterisk. B = Bredasdorp, E = Enon, G = George, K = Kirkwood, M = Mossel Bay, O = Oudtshoorn, PE = Gqeberha, W = Worcester. Reproduced with permission from Muir et al.19 (b) Schematic representation of the main units of the Uitenhage Group and their stratigraphic position in the Mesozoic rift basins (not to scale); modified from Muir et al.19 The position of the isolated Brenton Formation is indicated by the large black arrow.



The purpose of this paper is to report on the Mesozoic tracks that have been identified within the sub-aerial exposure of the Brenton Formation. Resulting implications of this discovery are then addressed. Many of the described track features are indistinct, compared to high-quality sites from southern Africa and around the world. Furthermore, the described surface exposure of the Brenton Formation is limited in size. Consequently, track assignment to ichnotaxon or ichnofamily is often not feasible. The intent of this paper is to acknowledge these limitations, but nonetheless to document what are probably the youngest dinosaur tracks reported to date from southern Africa, and the second reported site of Cretaceous dinosaur tracks in southern Africa.

Geological context

The break-up of Gondwana, involving rifting between Africa and South America, occurred between the Early Jurassic and the Early Cretaceous.18 As a result, the Outeniqua Basin accumulated sediment as much as several kilometres in thickness.34,35 Sedimentary rocks in the northern portion of this basin are patchily exposed along the Cape south coast of South Africa and inland.

The precise stratigraphic relationships of the Brenton Formation within the Uitenhage Group remain uncertain, as does its age. Whereas the lower terrestrial part of the Brenton Formation is thought to correlate with the Kirkwood Formation, the upper marine part is thought to correlate with the Sundays River Formation.36,37 The age of the Formation has been interpreted as Late Jurassic, based on ostracod assemblages and an ammonite38, or Early Cretaceous (Late Valanginian or Hauterivian), based on foraminiferal assemblages37. While the former of these contentions has been refuted either on grounds of misidentification or of reworking of sediments37, this is not unequivocal. Nonetheless, recent opinion tends towards a Valanginian or Hauterivian age.39 An attempt to resolve the age of the Brenton Formation using detrital zircon geochronology was unsuccessful, due to an absence of Cretaceous zircons.39

The Brenton Formation only outcrops in the Knysna area, and comprises greenish-grey and beige sandstones and mudstones, claystones and siltstones, with a thickness of 6–20 m, as well as occasional conglomerates.39 It is exposed along the southern margin of the Knysna Estuary at low tide.38-40 The mudstones are exposed either as relatively level surfaces or as grey-weathering cliffs. The sandstone outcrops may be massive or exhibit cross bedding and may occasionally contain well-rounded quartzite pebbles and charcoal fragments. The sandstone beds are more likely to form cliff exposures than the mudstone units.

Methods

Standard track measurements of length, width and depth were recorded in centimetres, along with (where appropriate) pace length, possible stride length and interdigital angles (measured in degrees). For tracks evident in profile, their diameter and the depth of deformation were measured. Photographs were taken during different lighting conditions. Following initial photographing, tracks were outlined lightly in chalk and further photographs were taken.

Photographs were taken for photogrammetric analysis41,42, from which 3D models were generated with Agisoft Metashape Professional (v. 1.0.4) using an Olympus Tough model TG-6 camera (focal length 4.5 mm; resolution 4000 x 3000; pixel size 1.56 x 1.56 μm). The final images were rendered using CloudCompare (v.2.10-beta). The photographs used for generating the three photogrammetry models, and the associated bin files, are available at https://data.mendeley.com/datasets/st8vrbmjt6/1.

A transect of overlapping photographs of the cliff face was taken from southeast to northwest, to document the extent of the cliff outcrop. Drone photography was employed, using a DJI Air 3 model, with a 16:9 ratio.

Strike and dip readings were obtained, and the stratigraphy and sedimentology of the surrounding deposits were assessed. Where accessible, bushes were clipped so as to expose the cliff outcrop. Global Positioning System readings were taken, using a handheld device. Locality data were reposited with the African Centre for Coastal Palaeoscience at Nelson Mandela University and are available to researchers upon request.

Results and interpretation

Cliffs of the Brenton Formation, approximately 5 m in height, crop out on the southwestern shore of the Knysna Estuary, and extend for 40 m in a southeast to northwest direction (Figure 2). A short drone video documents the site: https://data.mendeley.com/datasets/st8vrbmjt6/1. The tracklike features were first noted by Linda Helm.

[image: 22809Helm_fig2]

Figure 2: (a) Brenton Formation cliff-face outcrop, looking northwest. (b) The outcrop, looking southeast; the Unit 1 palaeosurface is visible in the foreground. (c) Aerial view of the full extent of the exposure. (d) View of the exposure from above; a track-bearing portion of the exposed palaeosurface is visible at the bottom right.



A schematic, cross-sectional diagram based on the transect of the outcrop exposed in the cliff is illustrated in Figure 3. Due to the limited extent of the outcrop, it was not possible to conduct a definitive interpretation of the sedimentary palaeoenvironment in which these Brenton Formation rocks were deposited. However, the presence of indicative bedform structures enables certain deductions to be made.

[image: 22809Helm_fig3]

Figure 3: Schematic diagram of the Brenton Formation transect facing west, showing a preliminary interpretation of the outcropping sedimentary units.



The lowermost unit consists of bioturbated (probably ‘dinoturbated’), dark-grey laminated mudstone and siltstone (‘Unit 1’), which is heavily jointed (joints are typically fairly regularly spaced, 2–3 cm apart). The base of the mudstone/siltstone layer extends as a series of palaeosurfaces towards the estuary, with a 1° dip to the northeast, and is inundated twice daily during high-tide events. These palaeosurface outcrops, which measure a total of 10 m × 5 m, are partially or completely covered by estuarine sand, mud, pebbles or loose rocks after periodic sedimentary inundation. Unit 1 contains most of the tracks described here.

Unit 1 is overlain by a light grey to whitish sandstone (‘Unit 2’) that displays low-angle cross-bedded foresets inclined to the southeast. The contact between these two units is vague, being possibly transitional. Unit 2 is overlain by a light brown channelised sandstone lens (Unit 3) which, in places, appears to be downcutting into Unit 2. (No tracks or track-like features were noted in Unit 2.) It, in turn, is overlain by a channelised sandstone (Unit 4), which also displays cross-bedding and contains Liesegang ring features. The sequence is overlain by modern calcrete and scree. Given the dip of the strata to the southeast, moving from southeast to northwest along the base of the cliffs involves travelling ‘down-section’. Unit 1 is consequently not visible in the southeastern portion.

This ‘pocket’ of Brenton Formation outcrop probably represents a basinward facies extension of the channelised conglomerates exposed along the lagoon cliff faces further north and west at Belvidere and Knysna. Within the Knysna Cretaceous Basin, there is a rapid southward decrease in clast size within the fluvial channels, resulting in few to no pebbles in the sandstone south of Belvidere. The sequence in the cliff-face outcrop described here is considered to represent shallow water, sandy fluvial channel and point bar sediments (Units 2, 3 and 4) deposited in a lagoonal environmental setting. Unit 1, containing most of the tracks, probably represents a lagoonal mudstone environment.

The features which are interpreted here as dinosaur tracks (or possible tracks) are evident in plan view and in profile. The plan view features are described first, followed by the profile features. Because of the limited amount of outcrop, almost all the features that are suggestive of tracks are described.

Features in ‘plan view’

The features within the intertidal area on the palaeosurfaces in Unit 1 are described from southeast to northwest. Several occur on a palaeosurface in the southeastern portion of the unit, which lies about 15 cm above the level of the northwestern palaeosurface. Two features, ~40 cm apart, are raised above the surface (Figure 4a). The southeastern feature appears amorphous, whereas a small, asymmetrical tridactyl track, with maximum length of 21 cm and maximum width of 21 cm, is evident on the northwestern feature (Figure 4b).

[image: 22809Helm_fig4]

Figure 4: (a) Arrows indicate two raised features on a palaeosurface in Unit 1; a tridactyl track is located on the left raised feature; scale bars = 10 cm. (b) 3D photogrammetry model of the tridactyl track. Horizontal and vertical scales are in metres.



A further track, with relatively long, narrow digits, is also slightly raised above the surface (Figure 5). Maximum length is 19 cm, and maximum width is 17 cm. The digits display no curvature, and the feature is interpreted as a penetrative undertrack, in which the longitudinal striations evident in digit III represent the broken edges of underlying layers that were bent down by the descending foot.43,44 The digit III trace is clearly visible in Figures 5a and 5c, but is not prominent in the photogrammetry image (Figure 5b) as it exhibits little relief. The track morphology is thus best appreciated by examining all the images in Figure 5. While this track exhibits features that suggest that it was registered by a theropod (e.g. long, narrow, straight digits; track length slightly greater than track width), this is a tentative conclusion, as the mode of preservation could contribute to such apparent attributes.

[image: 22809Helm_fig5]

Figure 5: (a) A penetrative undertrack, which may have been registered by a theropod; scale bars – 10 cm. (b) 3D photogrammetry model of the track shown in (a). Horizontal and vertical scales are in metres. (c) The track has been lightly outlined in white chalk.



At the northwestern edge of this palaeosurface, at least five further raised areas are present in a curvilinear pattern in pedestalled epirelief (Figure 6). Some of these are also evident in profile view. They are amorphous, but consistently about 30 cm in size. Where deformation of underlying layers is visible, it is as much as 10 cm deep. Although trackmaker identity cannot be identified, the curvilinear pattern suggests a possible trackway with a mean pace length of 38 cm.

[image: 22809Helm_fig6]

Figure 6: (a) Arrows indicate a possible dinosaur trackway; (b–d) show tracks from various perspectives. All scale bars = 10 cm.



The northwestern palaeosurface lies lower than the southeastern section. On it there is a raised feature, which exhibits a maximum length of 40 cm, a maximum width of 42 cm, and a tridactyl pattern with blunt-tipped digits (Figure 7a). It is interpreted as a probable low-fidelity dinosaur track preserved in pedestalled epirelief.

[image: 22809Helm_fig7]

Figure 7: (a) 3D photogrammetry model of possible pedestalled ornithopod track. Horizontal and vertical scales are in metres. (b) Possible ornithopod tracks in what may be a short trackway have been outlined; scale bar = 10 cm.



Nearby are two raised features, 30 cm long and 34 cm wide, with a pace length of 60 cm (Figure 7b). Both exhibit tridactyl morphology with blunt-tipped digits. They may represent a short segment of a pedestalled ornithopod trackway, but the low-fidelity morphology does not permit any confident conclusion.

In the same area, at least six large, saucer-shaped depressions are raised as much as 3 cm from the surface (Figure 8). These measure up to 60 cm in diameter, and in two cases appear in pairs comprising a large round or oval feature adjacent to a smaller one. Where these features can be viewed in profile, slight concave deformation of underlying layers is apparent. Evidence of digit outlines is absent. These features are interpreted as possible sauropod tracks preserved in pedestalled epirelief, although other explanations need to be considered.

[image: 22809Helm_fig8]

Figure 8: (a) Arrows indicate possible sauropod tracks beside the estuary. (b) Viewed in profile, the gentle concave-up deformation in underlying layers in evident. (c) Arrows indicate possible sauropod tracks. (d) Tracks have been lightly outlined in white chalk. All scale bars = 10 cm.



Features in profile

Tracklike features are described from southeast to northwest. At the southeastern end of the cliffs, a concave-up deformation (as much 20 cm deep and 40 cm in diameter) is present in Unit 4 just above beach level (Figure 9a). Moving northwest, an area of concave-up deformation, 15 cm deep and 36 cm in maximum diameter, is evident in Unit 3, about 70 cm above beach level. A smaller area of concave deformation, 14 cm in diameter, is present in the upper portion of the area of deformation (Figure 9b). In general, lower layers within this feature are progressively less deformed. As discussed in greater detail below, these features, which are evident here in profile, are consistent with dinosaur tracks, although the trackmaker cannot be identified.

[image: 22809Helm_fig9]

Figure 9: (a and b) Deformation features in Units 3 and 4 are interpreted as probable dinosaur tracks. (c and d) Gentle deformation of underlying layers in Unit 3 possibly represents large sauropod tracks viewed in profile. (e) Punch-down structure interpreted as a dinosaur track in Unit 1. (f) Deformation in Unit 1 layers interpreted as a small dinosaur track. All scale bars = 10 cm.



Vegetation that was hanging down over the cliffs was cleared, to fully expose two large areas of gentle concave-up deformation, with a diameter of 70 cm and depth of as much as 30 cm, in Unit 3 (Figures 9c and 9d). This finding raises the possibility of sauropod tracks, registered in a relatively firm sandy substrate, now evident in profile, although a confident conclusion is not tenable.

The cliffs then briefly angle in a westerly direction before continuing in a northwesterly direction. Just around this corner, a punch-down structure is evident in Unit 1, with substantial deformation that includes microfaulting (Figure 9e). The feature is 14 cm in maximum diameter and depth, and is indicative of a dinosaur track, probably registered in a soft substrate, and now evident in profile.

The next feature, also in Unit 1, is smaller – 10 cm in diameter and 5 cm in depth (Figure 9f). Again, concave-up deformation is present, and a small dinosaur track in profile is inferred.

This feature is followed by an area of chaotic bedding in Unit 1 (Figure 10a). A possible explanation of this type of deformation in otherwise laminated mudstone is intense dinoturbation.

[image: 22809Helm_fig10]

Figure 10: (a) Chaotic bedding in Unit 1. (b and d) Distortion of Unit 1 layers interpreted as representing theropod track impression viewed ‘three-quarters on’. (c) A punch-down structure interpreted as a dinosaur track just above beach level. All scale bars = 10 cm. (e) A moa track within an inclined Pleistocene aeolianite sequence exposed on a wave-cut erosion surface in New Zealand. Although mostly evident in profile, the track is interpreted as being seen ‘three-quarters on’; scale bar = 10 cm.



This, in turn, is followed by an intriguing feature in Unit 1. An area of concave-up deformation, 18 cm in diameter and 8 cm in depth, has two very narrow, sub-parallel projections at its northwestern end (Figure 10b). Each is ~8 cm long, and they are separated by ~4 cm. In one case, fine deformation of underlying layers is apparent. This is inferred to be a probable theropod track, viewed ‘three-quarters on’, with the narrow projections having been registered by two of the digits.

Next is a punch-down structure in Unit 1 of abrupt, concave-up deformation, 45 cm in diameter and 25 cm deep (Figure 10c). It is located at the base of the cliffs, just above the high-tide mark, and is interpreted as a dinosaur track in profile.

Finally, an area in Unit 1 of concave-up deformation, 10 cm in diameter and 4 cm deep, contains three narrow, tapering, sub-parallel protrusions from its lower border (Figure 10d). Fine microfaulting is present. These resemble the protrusions in Figures 10b and 10d and are also inferred to represent theropod digit impressions.

Discussion

It appears that the tracks that are evident in plan view in the limited exposure that characterises the Brenton Formation do not rise above a score of (at the most) 2 on the four-point (0-1-2-3) scale that has been developed to quantify the quality of track preservation.45 Nonetheless, the Brenton Formation contains terrestrial Mesozoic deposits which have already yielded at least one dinosaur bone. It is therefore not surprising that dinosaur tracks are preserved in these deposits, where suitable substrates and preservation factors were present. It is acknowledged that while the term ‘dinosaur track’ is used to describe many of the features seen in profile, other heavy trackmakers such as crocodylians might also have registered some of the traces.

The trackmaker assemblage is inferred to include theropods, possibly ornithopods and possibly sauropods. Although the distinction between theropod tracks and ornithopod tracks is not always clear46, well-preserved tridactyl tracks that are wider than they are long can reasonably be inferred to have been registered by ornithopods or similar trackmakers. The degree of asymmetry evident in Figure 4b, for example, is intriguing, but does not help to distinguish between theropod and ornithopod trackmakers in this low-fidelity track, while long, narrow, tapering digits are more characteristic of theropod tracks.47 Adopting a cautious approach, we do not feel confident in ascribing any of the described features to ornithopod trackmakers with certainty, even though there is some evidence to suggest their presence.48 Likewise, sauropod pes tracks are generally identifiable by their substantial size, round or oval shape and, sometimes, the presence of digit impressions. Although some of the features suggest a sauropod trackmaker, as discussed further below, the standard of evidence is not sufficient to make a confident assertion.

Figures 10b and 10d portray features interpreted to represent theropod tracks with digit impressions, seen ‘three-quarters on’. It is instructive to compare this with a Pleistocene moa track from New Zealand, registered in sand and now preserved as aeolianite. A moa track is similar in many respects to a theropod track, in that both are tridactyl with straight, relatively narrow digit impressions.49 Figure 10e shows such a track, also viewed ‘three-quarters on’. The similarity in observed morphology supports the contention that the features evident in Figures 10b and 10d indeed represent theropod digit impressions.

Many of the features interpreted here as tracks are evident in profile. We follow the foundational work on track forms performed by Allen50,51, and, for a more recent regional example, we follow Plint et al.31 The features are a type of soft-sediment deformation structure52, and other causes of such structures need to be considered and excluded. Using the rationale elucidated in Plint et al.31, we consider other causes of soft sediment deformation less plausible than the passage of heavy trackmakers, i.e. we infer a biogenic origin. For example, there is no obvious evidence to support seismic activity or gravitational load structures as a cause of the described features.

In describing features seen in profile, we note how the degree of deformation of underlying layers is related to substrate competence and may be viewed on a spectrum. At one end of this spectrum are possible sauropod tracks registered in a firm substrate (Figures 9c, 9d): only slight deformation of underlying layers is apparent, despite the inferred heavy trackmaker mass. At the other end of the spectrum is the type of deformation evident in Figure 9e, where a deep, punch-down structure with microfaulting is seen, reflecting the passage of a heavy trackmaker on a soft, muddy substrate that nonetheless had some cohesiveness. In between, on this spectrum, there exists a range of deformation features as described.

With regard to possible sauropod tracks, both the features evident in plan view (Figure 8) and in profile (Figure 9c, 9d) are of appropriate size and, in the case of Figure 8, appropriate outline and of a slightly pedestalled mode of preservation that is similar to other nearby tracks. However, it is acknowledged that the features shown in Figure 8 might also simply be weathering features, and that Figures 9c and 9d do not display the distinctive features of tracks in profile (e.g. deep, punch-down structures with microfaulting). Therefore, although the evidence for the presence of sauropod tracks can be considered suggestive, it is inconclusive.

Many of the tracks that are evident in plan view are preserved in pedestalled epirelief. Pedestalled tracks are relatively rare in the global ichnological record but are readily explained. Underlying layers are compressed and thus become resistant to erosion and deflation. Sometimes the original track is still visible, and at other times transmitted tracks (undertracks) are visible.47,53

The features identified here form the second example of Cretaceous tracks in southern Africa, and the second example of dinosaur tracks in the Western Cape. The first example involved dinosaur tracks of Berriasian age from the Robberg Formation.31 As the Brenton Formation is thought to probably be of younger age (Valanginian or Hauterivian), with an age estimate of ~132 Ma, the dinosaur tracks described here therefore appear to be the youngest thus far described from southern Africa.

Conclusions

The described tracks are often subtle in appearance, and often not of exceptional preservation quality or anatomical fidelity. Due to the limited surface exposure, they will probably not meet the public expectation of obvious, long dinosaur trackways. Nonetheless, they can be readily appreciated by a discerning observer, and their major importance lies in demonstrating the presence of dinosaur tracks from the Cretaceous in the Western Cape. Our intention has not been to present impeccable examples of dinosaur tracks, but rather to emphasise that these are in all probability the youngest dinosaur tracks thus far identified in southern Africa, and the second occurrence in the Western Cape. Such distinctions give them particular significance.

In addition, pedestalled tracks are a relatively rare ichnological phenomenon, and their prevalence here is of note. Furthermore, the intriguing appearance of probable theropod tracks in ‘three-quarter view’ forms an unusual and noteworthy presentation. The fact that a fairly substantial number of tracks, evident both in plan view and in profile, have been identified within a relatively small area of outcrop suggests a considerable dinosaur presence in the regional shallow-water channels and point bar sediments of a lagoonal environment.

Dinosaur tracks have now been reported from the Robberg Formation and the Brenton Formation, both of which have comparatively limited exposures. Terrestrial deposits of the fossiliferous Kirkwood Formation are exposed over a much larger area in the region. A search for dinosaur tracks in suitable terrestrial exposures in this Cretaceous formation in the Western Cape and Eastern Cape provinces is indicated.
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The Policy Framework on the Internationalisation of Higher Education in South Africa (PF) acknowledges the strategic priority of international research collaboration for the country, and the role of cross-border and collaborative provision of higher education in this. Joint and double degrees are considered effective means for enhancing and expanding international research collaboration. However, implementing these international collaborative degrees is complex. Arranging for joint supervision, examination and award of a joint degree with a global partner institution, or establishing a joint programme by integrating two existing programmes and delivering the offering collaboratively, is intricate because these efforts intersect with countries’ national regulations and policies governing the delivery and award of qualifications. While the PF permits “joint degrees”, it does not allow “double (or dual) degrees”. We assert that the PF exhibits several shortcomings. The parameters for collaborative degrees are challenging to implement due to outdated influences on prescribed definitions and practices, and the ban on all so-called double (or dual) degrees undermines the PF’s goal of strengthening international research collaboration. This article illustrates the value of the “joint programmes” concept to unlock understanding that not all double degrees conform to the PF’s definition. It also demonstrates the utility of ‘integration’ and ‘jointness’ as criteria that can be applied to distinguish a double degree resulting from joint programmes from those that do not, but which may also be identified as double, dual or consecutive degrees. This challenges the exclusion of all so-called “double” degrees from the PF.

Significance:

The Council on Higher Education (CHE) is developing a quality assurance framework for collaborative programmes in South Africa, guided by the PF regulations and definitions. If its shortcomings are not addressed beforehand, the CHE’s framework risks further entrenching the restrictive interpretations of the PF. The desired outcome is a more agile and nuanced framework for the coherent interpretation and implementation of international collaborative degrees that preserves the original intent of the PF and supports its goal of building, expanding and ensuring strong international research partnerships. We offer practical and evidence-informed recommendations to guide a policy review.






Introduction

South Africa’s recent national policies regarding higher education have emphasised the need to grow postgraduate enrolments, increase throughput and raise the number of PhD graduates in the country, while acknowledging a triad of challenges: lack of supervisory capacity; under-resourced institutions; and inadequate funding.1 South African higher education institutions (HEI) are thus driven to explore ways to overcome these challenges. Joint and double degrees are an obvious mechanism to expand international research collaboration at the postgraduate level by leveraging the opportunities they offer to enhance capacity through joint (shared) supervision, to access better or differently resourced institutions, and to deepen international research partnerships. However, international joint and double degrees are also among the more complex programmes to implement as they represent the intersection of countries’ national regulations and policies for the delivery and award of qualifications.

Globally, there has been significant recent growth in the phenomena of joint and double degrees which, although not always clearly defined, are widely regarded as important and successful vehicles for deepening international collaboration2-6 due to the opportunities and benefits they can present. As such, they are prioritised within many institutions’ internationalisation strategies, or by supra-national regional organisations like the European Union, serving as a foundation for sharing resources and establishing strategic partnerships.

In policymaking, Marginson7 contends that higher education policy must “devise an appropriate set of steering instruments” to facilitate global engagement and harness strategic opportunities. Over the past 15 years, South Africa’s higher education sector has faced circumstances in which national policy did not adequately cater for novel ventures, primarily with Bologna signatory countries through its HEIs. In pursuing their internationalisation activities involving joint and double degrees, institutions proceeded with institutional-level policymaking without national regulatory frameworks, in consultation with the Department of Higher Education and Training (DHET).8 This behaviour illustrates what Marginson describes as dis-embedding.7 Jooste and Hagenmeier note that the need for clear national policies to embed joint degrees was thus a major impetus for the national policy.9

The Policy Framework on the Internationalisation of Higher Education in South Africa (PF)10 is the culmination of ongoing calls from the sector for the state to formalise and prioritise internationalisation. This encompasses a range of activities involving the movement of students and researchers, as well as programmes, more or less systematically coordinated, between South African HEIs and their international partners. Among other priorities, the PF echoes the National Development Plan11 by emphasising the strategic importance of building global partnerships to expand access to research funding and facilities for South Africa’s scholars, while also facilitating equitable and reciprocal access for international researchers to South Africa’s research environment.10

In an overview analysis of the PF, Jooste and Hagenmeier9 highlighted implementation challenges posed by the PF for HEIs, and indicated the need for deeper engagement with the direction the PF provides for specific aspects, such as international collaborative degrees (ICDs). The PF is both highly prescriptive and unclear, and at times contradictory regarding these. In this article, we aim to address these issues by offering a policy analysis of the national PF. The analysis is guided by the research question of how, if at all, the national PF parameters for provision support implementation of ICDs between South African HEIs and their international partners?

Overview of collaborative degree programmes

A primarily European initiative, joint degrees (used as a collective term) became an important tool for achieving the integration goals of the Bologna Process.12 Launched in 1999, the Bologna Process aimed to improve the quality and recognition of qualifications, and facilitate mobility and collaboration across Europe and beyond.13 Joint degrees are seen as relevant for joint quality assurance, mobility, recognition of qualifications, and the creation of a single European Higher Education Area.14 The Lisbon Recognition Convention is the international legal instrument for recognising qualifications in Europe. As a joint convention of the Council of Europe and UNESCO, it covers countries beyond Europe, including Australia, Canada, Israel, the USA and others.15 Consequently, it influences collaborative partnership arrangements worldwide, including those between South African HEIs and their international partners.

The Bologna Process did not initially distinguish between joint and double degrees.16 This distinction was first made by the Coimbra Group17 and later refined by Schüle16, and initiatives stemming from the Bologna Process like the JOIMAN18 project, where the notion of jointness and integration of programmes gained expression. The European Network of Information Centres (ENIC), responsible for implementing the Lisbon Recognition Convention, noted that the increasing development of joint degrees had created recog-nition challenges for degree holders, as these degrees, by their nature, did not belong to any single national education system.15 This led to a revision of the recommendation on recognising joint degrees19, including clarification on how a joint degree from a joint programme must be issued.

Chapter 6 of the PF on ‘Cross-Border and Collaborative Provision of Higher Education’ outlines parameters that govern the participation of institutions in collaborative degree programmes, used as a collective term covering: co-badged, joint, consecutive and double (or dual) degrees.10 What has become clear from engagements with prospective and current partner institutions in various countries over several years, and is acknowledged in the scholarly literature and authoritative guidance documents, is that many definitions and terms are used to describe collaborative degree programmes, pointing to a conceptual gap in the field. According to Bamford5


… ‘double degree’, ‘dual award’, ‘double diploma’, ‘joint degree’, ‘joint double degree’ mean both the same or different things, depending on those using the terms and the country in which they are used.



Furthermore, despite sustained efforts to arrive at a common understanding, lack of clarity around application of the terms double and joint degree (and related terms like double and joint diploma, dual award, etc.) persist.20,21

Methodology

Policy document analysis is a qualitative approach used to examine policy texts and is regarded as an essential instrument for educational researchers to develop, implement and review policies.22 As policy documents are created within a regulatory context, they tend to be relatively constant, although they are periodically reviewed. Consequently, they are regarded as reliable sources of evidence, generally offering precise information and comprehensive insight into the issue under investigation. A policy analysis was conducted, focusing on the conceptualisation and implications for implementation of ICDs as espoused within the PF10, which served as the primary data source for this analysis.

Ball23 describes policies as “textual interventions in practice” that provide researchers with problems “that must be solved in context”. Taylor et al.’s24 established approach to policy analysis9 was used to analyse the PF. Jooste and Hagenmeier’s9 initial PF analysis focused on the context within which the PF was drafted and provided an overview analysis of its content. They did not, however, engage deeply with the challenges it posed or its prescriptions regarding specific aspects, like the directives for collaborative degrees. Accordingly, this policy analysis examined the context in which the PF chapter was drafted and the content of the text, invoking Taylor et al.’s24 third element of policy analysis, namely the consequences of policy texts22, and highlighted existing and anticipated consequences of the PF’s regulatory prescriptions. Consistent with Ball’s23 approach of linking the micro- and macro-aspects of policies, our policy analysis at the micro-level (implications for particularly research-intensive universities) is linked to an understanding of the context at the macro-level (national policy).

The penultimate draft and final PF, along with international regulatory frameworks, authoritative guidance documents, HEIs’ resources, and scholarly literature related to the phenomena of cross-border higher education and international joint and double degrees, were sourced online. Data analysis involved examining the PF text in detail, classifying, arranging or recombining evidence that addressed the focus of the study, namely, to review its regulatory content, to uncover any inconsistencies and discrepancies in the text23, as identified in the aforementioned research gap, and analyse and compare various perspectives to understand how the policy content could be interpreted. The following policy elements were analysed and compared, with other available definitions and descriptions: the PF features of international collaborative programmes (ICPs) and definitions and descriptions of the four types of ICDs identified by the PF.

Results and discussion

The joint programme concept

Between the finalisation of a ‘Draft Policy on Postgraduate Collaborative, Joint and Double Qualifications’ by a DHET Working Group25 in 2014 and the completion of the full PF, two significant developments occurred internationally. To bridge the conceptual gap in the field of joint and double degrees, the Bologna Process, through a European Consortium for Accreditation in higher education project called JOQAR (Joint programmes: Quality Assurance and Recognition of degrees awarded)18, decided to disconnect the ‘programme’ from the ‘degree’ and thus the Bologna Process now consistently refers to joint programmes rather than joint degree programmes26 when discussing joint degrees. Additionally, the Lisbon Recognition Convention’s 2004 recommendations on the recognition of joint degrees27 were revised in 2016, incorporating the joint programme concept, and clarifying how joint degrees resulting from these must be certified19. The context within which Chapter 6 of the PF was developed indicates a temporal gap in the final PF, as it did not keep pace with contemporary information underpinning its content, and thus with the latest conceptual developments in the field.19 Consequently, the PF does not explicitly address the joint programme concept.

Joint programmes and PF collaborative programme features

A joint programme is defined as “[a]n integrated curriculum coordinated and offered jointly by different HEIs and leading to a (double/multiple or joint) degree”26. Although the PF did not make the joint programme concept explicit, the idea of jointness and integration of collaborative programmes is implied in the PF’s Articles 6.2.8–6.2.11. These regulations state that the expected features of such programmes10 are collaborative in nature, leading to a qualification that is regulated at an institutional level through an agreement between two or more HEIs, and must define a programme that


feature[s] a jointly developed and integrated curriculum; … a single research topic resulting in a single dissertation or thesis; and generally, [does] not involve an extension of the normal duration of the programme.



The Articles further expect that each HEI must make a substantial contribution to the programme, and that as students are typically expected to undertake research at the partner(s), the agreement must clarify the time to be spent at the partner(s) and recognition thereof and work done at each of them within the jointly developed and integrated curriculum, underscoring the single qualification. Articles 6.2.10–6.2.11 describe the certification requirements as:


Certificates issued by each collaborating institution must attest to the award of the qualification, in which case each certificate must refer to the collaborative nature of the qualification and specify that the qualification is being conferred in conjunction with another institution (or other institutions) and that the certificates of the two (or more) partner institutions must be read in conjunction with each other and with the degree supplement, where relevant.



and expect “institutions offering collaborative degrees with foreign universities [to] also issue a transcript and a transcript supplement”.

These essential collaborative programme features in the PF share commonalities with critical elements of a joint programme26 in emphasising integration of the curriculum and jointness of many aspects across participating institutions.

Comparing PF types to joint programmes

Using joint programmes as a conceptual tool, through their critical characteristics denoted by ‘integration’ and ‘jointness’ for comparative purposes, we analysed the four types of ICDs identified in the PF: co-badged, joint, consecutive and double (or dual) degrees.

Co-badged degrees

These are single-institution awards under a formal cooperation agreement, with credit recognition by the awarding institution, for work completed at the partner institution (or to recognise co-supervision by the partner), up to a maximum of 50% and where the non-awarding institution’s logo is added to the awarding institution’s certificate. This mode of collaboration amounts to an exchange agreement that formalises a student’s mobility and recognises the involvement of the non-degree awarding institution on the awarding institution’s degree certificate. A co-badged degree does not result from a joint programme because it is only offered and awarded by a single institution.

Joint degrees

Joint degrees are a single qualification jointly offered and jointly delivered by the partner institutions through a single programme of study, under a formal cooperation agreement. Joint degrees in the PF primarily accommodate international collaborative postgraduate degrees by research, typically doctorates (because South Africa’s format of a 100% thesis master’s degree is uncommon internationally). The PF sets detailed parameters for joint degrees, but, without consulting the revised recommendations on the recognition of joint degrees19, overlooks the possibility that awarding a single qualification is not a function of the number of certificates awarded. As Becker28 points out:


note that a ‘degree’ is an award, not the document (the diploma) providing evidence of having obtained the degree. It is [therefore] possible to issue a joint degree, … [as] separate documents (the diplomas).



A single or two linked certificates for a joint degree?

In a pre-final iteration of the draft PF29, Article 17.13 permits linked national certificates from each partner for a joint degree:


17.13. Upon completion of the study programme, the student is awarded

17.13.1. a single certificate issued and signed jointly by the officers of the two (or more) HEIs involved in the programme; unless

17.13.2. national legislation requires that national certificates issued by each collaborating institution must be issued attesting to the award of the qualification, in which case each certificate ... must be read in conjunction with each other and with the degree supplement;



The final PF10 omitted Article 17.13.2 from the certification options for joint degrees but moved its substantive content to Article 6.2.10, under the expected features that all collaborative programmes must exhibit. However, confusingly, Article 6.6.4.1 states that joint research degrees (master’s and doctorates) must be awarded as “a single certificate issued and signed jointly by the authorised officers of the two (or more) HEIs involved in the programme”10 as the sole attestation of the joint degree.

Several scholars5,6,30,31 highlight difficulties with the recognition and legality of joint degrees issued as a single certificate while noting that, in many countries, it is impossible to award a joint qualification with another institution4. Although legal obstacles prevent some institutions from issuing a joint degree via a single certificate, two examples illustrate alternative approaches. Leiden University (Netherlands) has decided in principle against awarding a joint doctorate with a single diploma featuring two insignias due to concerns that this practice can lower the diploma’s quality and the significant practical challenges involved in printing a diploma bearing both logos and signed by all relevant officials in two countries.32 The Katholieke Universiteit Leuven (Belgium) requires that for a joint PhD, each institution must award its own PhD title, regardless of whether these titles are displayed on a single diploma or on separate diplomas that cross-reference one another.33 These two examples challenge the idea that the number of certificates equals the number of qualifications20, and demonstrate the need for similar flexibility in the PF to enable South African HEIs to collaborate with institutions from other national systems. If this is Article 6.2.10’s purpose, it must be clarified, because Article 6.6.4.1 can be interpreted as the only route to awarding a joint degree. Different interpretations leave room for differences in implementation34 of the PF.

Consecutive degrees

These are defined in the PF as:


a qualification awarded by an HEI where it grants credit, and exemption, for up to 50% of the work required for the qualification on the grounds of equivalent work done for a completed qualification conferred by the HEI, or by another HEI recognised for the purpose,



and are described as consisting of “learning that leads to two degrees usually completed consecutively”10.

This appears to permit completion of two study programmes at the same or successive levels with credit recognition between the two awarding institutions, up to a maximum of 50%. However, some ambiguity arises around the levels of the programmes, with the reference to “equivalent work”, and the timing, where the two degrees are “usually completed consecutively”. This could be interpreted as the PF permitting simultaneous completion of two programmes at the same level.

Instead of consecutive degrees, Knight35 defines a combined and consecutive degree programme4 as one that “awards two different qualifications at consecutive levels upon completion of the requirements established by the partner institutions”, which clarifies that the programmes are at different levels, e.g. bachelor’s and master’s, but does not clarify the timing.

The Australian Tertiary Education Quality and Standards Agency combines all the possibilities mentioned for consecutive degrees in its definition of a dual award36, involving:


… one or more courses of study that leads to the award of two separate qualifications. Where the course involves an arrangement between two providers ………., one of the qualifications is typically conferred by each provider. A dual award may involve one AQF level, or two sequential AQF levels - for example, two Masters degrees (MBA/MA) or a Bachelor and Diploma qualification (BSc/Dip Ed). ‘Collaborative double-degree courses’ are a form of dual award.



Variable nomenclature and double-counted credits

Since early attempts to clarify definitions about joint degrees17, the question of double-counting of credits for the same work toward two separate programmes and awarding two qualifications has arisen20. In the context of a single programme in South Africa, institutions are guided by the ‘50% residency rule’.37 The PF recognises that ICDs require credit recognition and transfer arrangements38 and thus extrapolates the national ‘50% residency rule’35 to them, but only for co-badged and consecutive degrees10.

Double (or dual) degrees

One must distinguish clearly between a ‘double degree’ and a ‘dual degree’. Like the PF, several scholars use the terms interchangeably.3,31,35 The Bologna perspective, however, takes a different view.26,28 Aerden and Reczulska26 note that while the dual degree concept is regularly used in the USA, a common definition is rare. According to Becker28, unlike a double degree that results from a joint programme, a dual degree is not awarded by a joint programme, due to the absence of integration and jointness in dual degree programmes. By combining common features of definitions they found, Aerden and Reczulska26 propose the following definition for a dual degree:


Two degrees awarded individually, attesting the successful completion of two separate curricula, with potential overlap and efficiencies in course-taking, and, if more than one institution is involved, each institution is primarily responsible for its own degree.



The PF defines a double (or dual) degree as:


… a programme of study offered collaboratively by two HEIs in terms of a collaboration … agreement that may feature jointly developed and integrated curricula and agreed-upon mutual credit recognition and where the successful student is awarded two distinct degrees, issued separately by each partner institution.10



Additionally, the “certificates [awarded are] typical of those issued by each institution”10. PF Article 6.8.1 does not permit double and dual degrees as they are regarded as a quality risk.10

By contrast, Aerden and Reczulska26 and Becker28 understand a double degree as one of the possible outcomes of a joint programme represented by two documents or diplomas, rather than conflating two documents with one award. The degree is not the documents.28 Aerden and Reczulska’s26 dual degree definition, however, shares the feature of “[t]wo degrees awarded individually” with the PF description of a double (or dual) degree as leading to the award “of a distinct qualification by each of the partners”.10 Their emphasis on “two separate curricula”, however, differs significantly from the PF definition of a double or dual degree, which describes the collaborative study programme as possibly featuring a “jointly developed and integrated curricula”10. These features of jointness and integration are incompatible with separate curricula. Specifying “two distinct degrees” implies independence of curricula and outcomes, which aligns with Aerden and Reczulska’s26 dual degree definition. The latter mode of collaborative programmes also goes by various other names but is commonly also called a dual award36, a double diploma5, or an international dual award31.

Considering the PF definition of a double (or dual) degree10, Aerden and Reczulska’s26 definition of a dual degree, and the Australian Tertiary Education Quality and Standards Agency’s36 description of “collaborative double-degree courses” discussed here, illustrate that consecutive degrees are also regarded as dual degrees, or double degrees, depending on the region of the world.

Consequences of the PF’s shortcomings

Our analysis has identified inconsistencies in the PF’s definitions. For instance, permitting consecutive degrees in name inadvertently facilitates dual degrees, as interpreted in other contexts.

The lack of the joint programme concept has led to variations and inconsistencies in how the types of ICDs are defined and described in the PF. Being unable to reconcile terminological dilemmas in a global context, where strictly not permitting double or dual degrees, or being highly prescriptive, may have unintended consequences for the PF’s implementation. For example, countries that have ratified the Lisbon Recognition Convention must ensure they can recognise qualifications from other nations. In the United Kingdom (UK), the UK National Information Centre (UK ENIC) serves this purpose on behalf of the government and is linked with European ENICs to facilitate the exchange of information regarding qualifications and recognition across countries. The ENICs have shared the PF’s ban on double (or dual) degrees across more than 50 countries that participate in this network. Consequently, while the PF prevents South African HEIs from calling anything a double degree, even though there may be justifiable reasons for using the term, the ban may prevent them from legitimately engaging in joint programme arrangements that result in two linked degree certificates. This scenario is common among Bologna signatory countries, which are also the higher education systems most active in creating joint programmes at the master’s level and thus most likely to approach South African HEIs for such partnerships. The PF’s ban on all double degrees will, therefore, restrict the opportunities it aims to support.

Adjusting the definitions and descriptions of ICD types in the PF is, however, not enough to resolve the issues raised in this article, because banning terms by name means that higher education practitioners will continue to face the same terminology dilemma.

Comparing varieties of double degrees

We propose that all so-called double degrees cannot be understood as a single phenomenon, nor should the term be used interchangeably with dual degrees, or in the absolute manner as is currently the case in the PF. Utilising the joint programme concept, and applying the idea of jointness and integration to the constituent parts of programmes and collaborative relationships, two programme varieties, both described as ‘double degrees’16-18,28,39, are compared in Table 1. A comparison is drawn between some of the characteristics28 of two collaborative arrangements, where one results from a joint programme, and the other does not.



Table 1:Comparison of characteristics of two varieties of double degree collaborative arrangements











	Constituent parts

	Collaborative Arrangement A: Double degree pathway

	Collaborative Arrangement B: Double degree




	Source programmes

	Two separate study programmes from two partner universities (home and host) are linked through a cooperation agreement. Each programme’s curriculum remains unchanged, but a double degree pathway is established.

	Two separate study programmes from two partner universities are linked through a cooperation agreement. The partners align their curricula to create a shared curriculum for a jointly offered programme.



	Admission requirements

	Admission to the home university’s source programme is subject to its regular rules. Additional criteria for admission to the double degree pathway are specified in the cooperation agreement.

	The partners establish common admission criteria for the joint programme leading to a double degree in the cooperation agreement. Selection for the joint programme is coordinated among the partners.



	Student pathway

	Students enrol in their home university’s source programme, with the option to pursue the double degree pathway. For this pathway, students spend a minimum of one semester abroad. They may later choose to obtain a single degree from their home university or two degrees: one from their home university and one from the host.

	Students enrol at both partner universities for the joint programme, which includes a mandatory mobility period of one or two semesters abroad. The programme leads to a double degree.



	Mobility model

	Students following the double degree pathway typically start their programme at their home university and then move together to the host university for the semester abroad. Student cohorts from each partner generally move separately.

	Various mobility models are possible. Students may all begin at the same university, or home students may move together to the host university for the semester abroad, with some overlap among students from both universities. Students may also choose to return to the host university to complete their thesis.



	Programme management

	Each source programme is managed under the existing structures at each partner university. The double degree pathway has a designated contact person at each partner university.

	The local elements of the joint programme are managed by the respective structures at the partner universities, with oversight from local coordinators. The partners jointly oversee joint programme matters.



	Examination Rules and Recognition

	The local examination rules of the source programme apply; the host university’s examination rules apply for credits earned as part of the double degree pathway. Recognition arrangements are outlined in the cooperation agreement and specify how credits are recognised between the partner universities.

	The partner’s local examination rules apply, but partners must agree on any exceptional matters where the cooperation agreement takes precedence over local rules (e.g. opportunities to retake examinations).



	Quality assurance (QA)

	QA processes remain local. Partners exchange information for mutual credit recognition.

	QA processes remain local, but the joint programme is subject to periodic review by a joint QA committee.



	Thesis

	The thesis is completed and examined at the home institution, in accordance with its requirements.

	One jointly supervised thesis is completed at either partner university, typically jointly examined and recognised by both partners towards the double degree.



	Award

	Students who fulfil the requirements of the double degree pathway, in addition to their home programme’s requirements, receive separate, independent awards granted by each degree-awarding body, resulting in two distinct qualifications.

	If the joint programme requirements specified in the cooperation agreement are met, the partners jointly award their degree certificates or diplomas, resulting in one qualification.







Table 1 highlights how programmes under Collaborative Arrangement A are distinctly separate and independent, compared to the co-dependent (or joint) and mutually contingent40 integrated nature of those under Collaborative Arrangement B. Establishing a joint programme with the characteristics listed under B leads to a double degree26,28,39,40 when two diplomas (certificates) are issued, but it awards a single qualification. Depending on the context5 therefore, and noting that not all arrangements masquerading as double degrees result from a joint programme28, the risk of over-reliance on definitions without sufficient criteria to distinguish between varieties is highlighted.

Differentiating double and dual degrees

Assuming the DHET’s ban on double (or dual) degrees seeks to prevent awarding two qualifications for minimal effort and to maintain the integrity of South African HEIs’ qualifications, the comparison in Table 1 offers clearer support for these goals than what is provided in the PF. By examining the ideas of integration and jointness involved in joint programmes and outlining specific criteria to identify the types of collaborative programmes the DHET wants South African HEIs to avoid, the analysis opens possibilities for those initiatives that suit the broader aims of the PF. To address the terminology issues in the PF, Table 2 suggests potential definitions that the DHET might consider, which more closely reflect international norms.



Table 2:Proposed definitions for differentiating varieties of double degrees










	International dual degreea

	International joint double degreeb




	Two (or more) higher education institutions collaborate to offer prospective students the opportunity to participate in two separate programmes in different countries and the possibility to achieve two distinct award qualifications at an equivalent level upon completion.

	An international programme of study offering an integrated curriculum. It is delivered jointly by multiple institutions across national borders and awards a single qualification through one or more institutions’ diploma(s).







Sources: aAdapted from Palermo et al.31; adapted from Bamford5.





Following the comparative analysis in Table 1 and drawing on the proposed definitions in Table 2, Figure 1 visualises how collaborative programme types with increasing depths of integration and levels of jointness26 can be located on a continuum8 of integration and jointness of the constituent parts.

[image: 23272Stevens_fig1]

Figure 1: Collaborative programme types on a continuum of integration and jointness.



Conclusions

“It is interesting to look at the way in which definitions can shape policy and how practice can influence definitions and policy.”41

This article presents the results of a policy analysis of the PF. We examined the context in which the PF chapter was drafted, its content, and the consequences of its parameters for the implementation of ICDs by South African HEIs. We highlighted that the PF chapter’s content was largely finalised in 2014, before work on the rest of the PF began, resulting in a final PF that overlooked revisions to the Lisbon Recognition Convention’s recommendations when setting the regulatory parameters for offering ICDs by South African HEIs.

The most problematic of these is the ban on all so-called double (or dual) degrees.10 Based on the PF definition and the explanatory rationale for why these double (or dual) degrees are prohibited, our analysis suggests that the underlying intention was to exclude those types of double or dual degrees that do not result from a joint programme. However, the ‘joint programme’ concept and the expertise now available in the sector were not accessible when the PF chapter was drafted. Consequently, a joint programme and its role in clarifying misconceptions about double degrees, along with the idea that differentiating ‘dual’ from ‘double’ degrees might aid classification within the South African context, could not be adequately articulated or supported with evidence during the PF consultation for consideration by the PF authors.

Our policy analysis highlights discrepancies between PF definitions and those commonly encountered in international literature. The consequence of these discrepancies is that they hinder the easy implementation of ICPs between South African HEIs and their international partners. It is not the ban on double degrees alone that poses a problematic consequence, but also that scholarly literature4, international quality assurance agencies, and current and prospective partners of South African HEIs have noted the ban, which potentially closes off opportunities that support the PF’s goals. Therefore, although we propose alternative definitions to those in the PF, we caution against over-reliance on definitions in a field characterised by terminological fluidity. Instead, we advocate for the DHET to recognise the importance of clear distinguishing criteria for ICPs to guide future implementation by higher education practitioners of these strategically important vehicles for strengthening and deepening international research collaboration. This would necessitate a policy review of the PF by the DHET.

We further recommend that the DHET adopt the principle that ICPs exist on a continuum, ranging from shallow integration and low jointness at one end to deep integration and high levels of jointness at the other. This would strengthen the utility of the joint programme concept as a means of providing clear criteria, as suggested by our comparative scheme in Table 1, and already aligns with the key features of ICPs outlined in Article 6.2.8–6.2.11 of the PF. This adoption would also support the PF’s deducted underlying intention, through its current exclusion of all so-called double (and dual) degrees, without relying excessively on definitions as the primary regulatory tool, to achieve the same goal.

We also recommend that the PF preserve the emphasis on linked certificates (Article 6.2.10) to connect joint degrees which we regard as strengthening the notion of jointness and enhancing integrity by ensuring that, where institutions are compelled or choose to issue their own certificates, as Leiden University does, the award cannot be mistaken as denoting two or more qualifications for the same work.

Finally, the policy analysis and resulting recommendations presented in this article are timely in alerting the DHET to the shortcomings in the PF chapter and its associated definitions because national activities are ongoing. For instance, the Council on Higher Education’s Task Team on Collaborative Qualifications surveyed South African HEIs in 2024 to develop a Framework for Quality Assurance for Collaborative Qualifications, which is guided by the PF’s regulations and definitions, despite the shortcomings. Consequently, we call for the DHET to review the PF chapter and its associated definitions so that experience and practice can inform the reshaping of the definitions and policy governing the offering of ICPs in South Africa.

A limitation of the study is the lack of triangulation between our policy document analysis and independent reports from higher education practitioners at South African HEIs regarding their challenges in implementing ICPs, which leaves room for further research.
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Nutrient cycling, a fundamental ecological process, directly impacts the health and functionality of marine environments and plays a pivotal role in maintaining water quality and supporting diverse marine life and human health. To date, there has been no ecosystem service valuation assessment for nutrient cycling in South Africa, mainly because of the scarcity of nutrient cycling capacity measurements. The lack of valuation assessments necessitates reliance on data-transfer valuation techniques that can produce misleading valuations. Given the similarity between estuary nutrient cycling processes and wastewater treatment work processes, as well as the relative abundance of published data on the latter’s cost, the latter can be used as a proxy for the former. Cost and efficiency data for wastewater treatment works in Algoa Bay were sourced along with the published concentrations of dissolved inorganic nutrients in the Swartkops and Sundays River estuaries. The value of nutrient cycling in the Swartkops estuary has increased by about 1330% from USD466 076 in 1994 to USD6.7 million in 2022 but declined in the Sundays River estuary from USD1.6 million to about USD428 140 over the same period. In dollar terms, this value of nutrient cycling translates to USD18 681/ha for the Swartkops estuary when using the smallest area denominator and USD1747/ha for the Sundays River estuary (USD1 = ZAR18.4519). These estuaries offset the need for capital investment of this magnitude, reflecting their importance and the need for continued restoration and conservation.

Significance:

Few published valuations of the benefits of nutrient cycling in South African estuaries exist. An estimate is provided using the Swartkops and Sundays River estuaries as examples.






Introduction

Estuaries are dynamic environments characterised by fluctuating water levels, tidal flows and seasonal variations in temperature and salinity. They are located at the interface between freshwater and marine environments1 and are highly productive, providing valuable goods and services2. However, population growth, urbanisation and industrial expansion near estuaries generate wastewater, often leading to contamination with raw sewage.3 The introduction of untreated or inadequately treated wastewater into estuaries increases the levels of dissolved inorganic phosphates (DIP) and dissolved inorganic nitrogen (DIN).4 Elevated concentrations of DIP and DIN, along with factors including elevated temperature and water column stratification, contribute to the growth of harmful algal blooms and worsen hypoxic conditions.5,6 These blooms, often involving cyanobacteria, produce toxins that are harmful to humans.7 High levels of these inorganic nutrients in estuaries can lead to oxygen depletion in coastal waters, causing marine life die-offs.8,9

To mitigate the risks to people and losses that industries could incur due to die-offs, society builds, operates and maintains wastewater treatment works (WWTWs) that reduce DIP and DIN concentrations before discharging wastewater into estuaries and coastal waters. In South Africa, annual municipal operation, expansion and maintenance costs for WWTWs can exceed ZAR1.2 billion10,11 and still these facilities are often overwhelmed, resulting in inadequately treated effluents.

In estuaries, nutrient cycling removes constantly high, dangerous and unsustainable nutrient loads. Nutrient cycling refers to the transfer of organic and inorganic matter into an estuary and their conversion into the production of living biota. The cycling of nitrogen and phosphorus facilitates primary productivity, which forms the base of the food web. This process ensures that essential nutrients are available for various trophic levels, from phytoplankton to higher marine organisms. A balanced concentration of nutrients is required to sustain the estuary and will ensure the health of coastal ecosystems.12

Nutrient cycling is an important ecosystem service of estuaries that greatly benefits marine industries by reducing the environmental impacts of human wastewater. As society allocates money for WWTWs due to their important function in supporting the marine economy, a strong case can be made for estuarine conservation, as nutrient cycling has the same function. Some estuaries might contribute more to mitigating human waste than their municipal WWTW counterparts. However, the assessment of the value of estuarine nutrient cycling is rare, with no known valuations existing for the South African case.13 Without knowing the extent to which a particular estuary treats wastewater as well as its efficacy relative to local WWTW in doing so, sub-optimal investment in estuary conservation or WWTW maintenance, construction and operation occurs.

We sought to address the knowledge gap of the economic value of nutrient cycling of estuaries by combining available data for two estuaries in Algoa Bay, South Africa, namely the Swartkops and Sundays River estuaries. Cost and efficiency data from WWTWs were used along with all available biological measurements of water quality in estuaries to present an estimate of the economic value of nutrient cycling in estuaries.

Background

Ecosystem service valuations for estuaries

Economic valuation of ecosystem services helps prioritise conservation investments by identifying high-value ecosystems and justifying restoration costs through quantified benefits.14 Estuaries are among the coastal ecosystems in socio-ecological systems with the highest economic value on a per hectare basis.15 The global average value of coastal systems, including estuaries, was estimated to be USD36 026/ha in 2020 prices.16 These high values can be attributed to ecosystem services such as nutrient cycling, recreation, food production and storm protection.16-21 In South Africa, there is a dearth of published studies on the economic value of estuaries compared to elsewhere in the world.20 Most of the studies that have been conducted have focused on water quality, water inflows and recreational or recreation-related services.

Du Preez and Hosking22 valued the Klein and Kwelera estuaries using the travel cost method and found an increase in recreational value of freshwater inflow for both estuaries. Magobiane23 revealed that recreational users highly valued improvements in water quality at the Swartkops River estuary. Sale et al.24 documented the economic value of recreational services at the Kowie and Kromme estuaries for increased freshwater inputs. Lee et al.25 used questionnaires on the Sundays River estuary to determine recreational users’ willingness to pay for various ecosystem services. In a related study, Lee and Du Preez26 explored the issue of boat congestion at the Sundays River estuary. Further emphasising the impact of congestion, more studies by Lee et al.27,28 reported that users were prepared to pay more per year during peak hours to mitigate overcrowding effects. However, Turpie and Clark29 provide the most comprehensive valuation of South African estuaries. They valued various ecosystem services such as subsistence, property, tourism, nursery and existence services, with the notable exception being nutrient cycling.

Globally, studies concerning the economic value of nutrient cycling have been conducted, but mostly in developed countries (Table 1). The socio-ecological factors that influence estuaries differ between developed countries and developing countries like South Africa. Within the legal, institutional and social context of the United Kingdom, for example, the value of nutrient cycling is estimated to be USD579 632/ha30, while within the Dutch context, it is estimated to be USD2661/ha31. While these two European studies were conducted in two geographically proximate countries, they revealed a substantial disparity of USD576 971/ha in the valuation of nitrogen and phosphorus removal services. This discrepancy underscores the nuanced nature of ecosystem service assessments and emphasises the need for meticulous consideration of regional variations and methodological intricacies.



Table 1:Known estimates for nutrient cycling in estuaries



	Country
	Method
	Value

	United Kingdom30
	Ecological network analysis using Ecopath with Ecosim software
	USD579 632/ha

	Netherlands31
	Benefit transfer method (from water purification services and infrastructure) combined with scenario analysis
	USD2661/ha

	Difference
	USD576 971/ha





Despite the vast contextual differences, these global assessments are, unfortunately, all we have concerning this important ecosystem service. Data transfer is the technique of importing values from elsewhere into a local context. The wide range of values derived from data transfer for ecosystem services presents significant challenges, particularly for crucial services such as nutrient cycling, where economic valuation studies are scarce. Limited data availability can lead to uncertainty and variability in the estimated value of ecosystem services, hindering decision-making processes. Without comprehensive studies, there is a risk of oversimplifying complex ecological processes or overlooking critical factors influencing nutrient cycling dynamics. Such findings highlight the inherent challenges in deriving accurate and comparable values for ecosystem services, even in seemingly similar contexts. Therefore, addressing the challenge of insufficient data in areas such as nutrient cycling is essential for improving the accuracy and reliability of ecosystem service assessments.

Study area

The Swartkops and Sundays River estuaries

Both the Swartkops and Sundays River estuaries are permanently open, wave-dominated estuaries that are in the Eastern Cape Province of South Africa. The Swartkops River estuary lies at approximately 33°50′S, 25°36′E, where the Swartkops River meets Algoa Bay near Gqeberha (formerly Port Elizabeth). The Sundays River estuary is situated near the town of Colchester at approximately 33°42′53″S, 25°50′54″E. The Swartkops River estuary supports a rich mosaic of habitats, including salt marshes, intertidal mudflats and sandbanks. The Sundays River estuary is known for its scenic beauty and recreational value, particularly for boating and angling.

Table 2 and Figure 1 describe the Swartkops and Sundays River estuaries in terms of habitat types – an important consideration when measuring and valuing nutrient cycling. Each ecotype facilitates nutrient cycling to varying extents. To measure the capacity of an estuary for nutrient cycling from first principles requires extensive study and data collection from each ecotype, interactions between habitat types and the contribution of each ecotype to nutrient cycling. Within an ecotype, capacity for nutrient cycling will be further differentiated based on the resident flora and fauna, climate and ecosystem conditions. Consequently, comparing values for nutrient cycling in the Swartkops and Sundays River estuaries, with data transfer from different existing valuations, results in a wide range of estimates (ZAR27 million–ZAR375 million) (Supplementary table 1).



Table 2:Combined areas of Swartkops and Sundays River estuaries for different habitat types



	Area
	Total area (ha)
	Swartkops River (ha)
	Sundays River (ha)
	Habitat types included

	1
	603
	358
	245
	Open water

	2
	691
	630
	61
	Salt marshes, reeds and sedges, submerged macrophytes

	3
	1294
	988
	306
	Areas 1 and 2 combined

	4
	845
	750
	95
	Salt marshes, reed and sedges, submerged macrophytes, sand- and mudbanks

	5
	1908
	1245
	663
	Open water, salt marshes, reeds and sedges, sand- and mudbanks, terrestrial vegetation, flood plain and beach and dunes

	6
	2168
	1460
	708
	Open water, salt marshes, reeds and sedges, sand- and mudbanks, terrestrial vegetation, flood plain and beach and dunes




Source: Based on the classification of Algoa Bay Project.32
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Figure 1: Map of the Swartkops and Sundays River estuaries showing the proximities relative to Gqeberha and surroundings.



While the reliance on data transfer is preferable to no valuation, it is always less desirable than valuation based on locally sourced data. However, there are severe limitations in terms of research capacity, funding and data availability that make a detailed measurement of nutrient cycling in the Swartkops and Sundays River estuaries unfeasible. In this study, therefore, we aimed to address the knowledge gap regarding the economic value of nutrient cycling in estuaries by combining various forms of available data.

Methods

Measure of nutrient cycling

The overview of the process and data sources are presented in Figure 2. Three data sets were used to estimate the value of nutrient cycling. A cost data set for WWTWs was sourced from the available literature. Data sets for the kg/year pollutant removed by the estuary and the kg/year pollutant removed by five WWTWs in Algoa Bay were constructed from available data in the literature.

[image: 20472_Peacock_fig2]

Figure 2: A diagram explaining the process of data collection and data sources.1,6,33-42,43

WWTW, wastewater treatment works; DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic phosphate



To construct the database for the nutrients removed by the estuaries, we sourced studies that took place between 1994 and 2022 and reported average dissolved inorganic phosphorus (DIP) and DIN concentrations in the heads and mouths of the Swartkops and Sundays River estuaries. Average concentrations were selected over median concentrations only because average concentrations were reported more frequently than median concentrations. In total, we sourced 12 average DIP and DIN concentrations for the Swartkops estuary head and 5 for the Sundays River estuary head (Supplementary table 2). Over time, five observations for the average DIP and DIN concentrations were sourced for the Swartkops estuary mouth and three for the Sundays River estuary mouth (Supplementary table 3). The resulting data set is incomplete (i.e. data is missing for some years) and the data are reported in different units (e.g. µM, mg/L and kg/annum). The exact sampling locations at estuary heads and mouths also differ among the studies. The number of samples for which averages were calculated and the time of the year in which sampling was completed also differ.

The database therefore consists of eight time series varying in the number of observations, namely: (1) DIP Swartkops head, (2) DIP Swartkops mouth, (3) DIN Swartkops head, (4) DIN Swartkops mouth, (5) DIP Sundays River head, (6) DIP Sundays River mouth, (7) DIN Sundays River head and (8) DIN Sundays River mouth. For each time series, annual nutrient loads in kilograms of DIN (NO3– + NO2– and NH4+) and DIP were calculated with assumptions of average molar mass and mean annual run-off data (see Equation 1 with respect to DIP; a similar equation applies with respect to DIN). This calculation required converting all reported average concentrations into the same unit, namely µM – the commonly reported unit of average concentrations. Once converted, the difference between the concentration measured at the head and that measured at the mouth was calculated. To calculate the g/L of nutrient removed between the estuary head and its mouth for DIP and DIN per estuary, we applied the average molar mass (per nutrient type) and divided by 1000 (to convert to kg/L). We then multiplied this by the mean annual run-off (MAR) in litres to estimate the kilograms of the nutrient passing into the estuary and towards its interface with the ocean.

kg DIP removed=(DIP μML Head−DIP μML Mouth)106∗Molar Mass P1000∗MAR(L).Equation 1

Each of the eight series was plotted, and the best-fit curves were estimated through the available data points (Supplementary figure 1). These curves were used to simulate the calculated flow of nutrient concentrations over the past 18 years based on the reported averages.

Economic valuation of nutrient cycling

Algoa Bay has several WWTWs and information is available on their operating and capital costs, their treatment capacities and the concentrations of DIP and DIN found at their inlets and outlets.6,33-36 Data on the concentrations of DIP and DIN in wastewater entering a particular WWTW, the amount of wastewater treated and the concentrations of DIP and DIN in treated wastewater at outlets are also available. These concentrations and treated amounts vary over time based on the efficiency of the WWTW as well as the socio-economic development trajectories of its location (the number of housing units connected to the sewerage system vs those unconnected, number of people per housing unit, number of housing units per square kilometre, number of industries, etc.).

In Supplementary table 4, the average kg/mL nutrients removed, as reported by Lemley et al.6, fell from 37 kg/mL pre-2013 to 26 kg/mL post-2013 for data observed between 2009 and 2017. A linear curve was fitted to the pre-2013 and post-2013 average values. The operating and capital costs33 (reported in ZAR/kL) are converted to ZAR/mL and divided by the average nutrient removed. This gives a time series of the cost of removing a kilogram of DIP and DIN using WWTWs in Algoa Bay. By subtracting the concentration of the wastewater leaving the WWTW from that of the wastewater entering, and multiplying this concentration by molar mass and total annual water treated figure, we can calculate the phosphate or nitrate removal value; it is a similar calculation to Equation 1, but using the total water treated instead of mean annual run-off. As the cost to treat a kilolitre of water, the volume of water treated in a typical WWTW and the amount of nutrients removed are known, it is possible to calculate the unit cost for removing a kilogram of pollutant (see Equation 2 with respect to DIP, but the same applies for DIN):

ZARkg DIP removed=ZARL treated/(kg DIP inL treated−kg DIP out L treated).Equation 2

By applying this cost to remove a kilogram of pollutant via a WWTW to the kilogram of pollutant removed by the estuary, we calculated a value for the work done by the nutrient cycling ecosystem service of the Swartkops and Sundays River estuaries. This value provides an estimate of the cost to society for the amount of work the estuary performs in terms of nutrient cycling, using the operational costs of WWTWs.

Results

Table 3 summarises the estimated total value of nutrient cycling. If manufactured capital had to be used to remove the nutrients from the estuary, it would have cost society approximately ZAR38.4 million (USD2.08 million using an exchange rate of USD1 = ZAR18.4519) in 1994 and increased to ZAR131.4 million (USD7.12 million) in 2022 (Table 3). The volume of wastewater treated by the WWTWs has increased over time, but the estimated kg/mL pollutant removed has declined, while available data indicate estuaries are removing more pollutants over time. The relative efficiencies of WWTWs in Algoa Bay, compared to the efficiency of the Swartkops and Sundays River estuaries, in reducing DIP and DIN concentrations are therefore moving in opposite directions (Table 4): the efficiencies of the WWTWs have declined by 47% from 43.9 kg to 23.4 kg of nutrient removal per millilitre, and that of the estuaries has increased by 650%, albeit from a very low base of 0.2 kg to 1.5 kg of nutrient removal per millilitre.



Table 3:The economic value (ZAR million) of nutrient cycling by the Swartkops and Sundays River estuaries



	Year
	Swartkops River estuary
	Sundays River estuary
	Total

	1994
	8.6
	29.9
	38.5

	2001
	3.5
	29.2
	32.6

	2002
	3.9
	26.1
	30.1

	2003
	4.8
	23.4
	28.2

	2013
	36.1
	8.8
	44.9

	2018
	74.2
	7.2
	81.4

	2019
	84.7
	7.2
	91.9

	2020
	96.1
	7.3
	103.4

	2021
	109.5
	7.6
	117.2

	2022
	123.4
	7.9
	131.4







Table 4:Comparing the efficacy of the wastewater treatment works (WWTW) and the estuaries in removing pollutants over time



	 	WWTWs
	Estuaries

	Treated water (mL/year)
	Removal estimate (kg/mL)
	Combined mean annual run-off (mL/year)43
	Removal estimate for both estuaries (kg/mL)

	1994
	10 950
	43.9
	339 200
	0.2

	2001
	25 550
	38.8
	339 200
	0.1

	2002
	29 200
	38.1
	339 200
	0.1

	2003
	32 850
	37.3
	339 200
	0.1

	2013
	58 400
	30.0
	339 200
	0.6

	2018
	60 225
	26.3
	339 200
	1.0

	2019
	59 495
	25.6
	339 200
	1.1

	2020
	58 217
	24.9
	339 200
	1.2

	2021
	57 670
	24.1
	339 200
	1.3

	2022
	56 575
	23.4
	339 200
	1.5








Discussion

Data constraints and limitations

Under ideal circumstances, the valuation of nutrient cycling in estuaries would require multi-year median concentrations of DIP and DIN derived from many annual samplings at locations in the estuary head and mouth that would be regarded as ecologically equal (estuaries change and move over time). Furthermore, regular wastewater concentrations of DIP and DIN entering and leaving WWTW at outlets, along with fluctuating WWTW throughput volumes, would be required. In addition, the change in the cost of removing nutrients from wastewater (ZAR/kg removed) would also be necessary. These changes in nutrient levels might be due to changes in population, industrial activity and management vectors. Due to resource and capacity constraints, these estimates, properly sourced and archived in an easy-to-access central and open database, are not available. We thus must revert to alternative methods. These methods are either the use of data transfer, importing values from other studies, or the use of limited data pertaining to DIP and DIN concentrations as is. While data transfer is relatively quick and cheap, it tends to provide very weak estimates due to contextual differences, as will be highlighted below. Here, we therefore propose an alternative method using data sources from WWTWs as a proxy to conduct the valuation of nutrient cycling within an estuary. It has its limitations due to incomplete data records but is considered contextually more relevant and appropriate than data transfer.

Data transfer inadequacy

The findings of this analysis provide some evidence that the economic value of nutrient cycling in estuaries is highly variable across different systems due to a complex interplay of ecological, geographical and socio-economic factors, and that this variability prevents convergence to a narrow range of values. Ecosystem services are not typically normally distributed.44 This highlights the fallacy of using data transfer techniques in producing valuations for other estuaries or for aggregation to a national average, as well as the dangers of communicating ecosystem service values in terms of ranges, means and standard deviations.

The economic value of nutrient cycling

As noted in Table 2, the spatial extent of an estuary can be defined in various ways depending on which of its features are included and which are not. Using the smallest denominator, that of open water only, a hectare of the Swartkops River estuary provided society an annual benefit of ZAR344 692/ha (USD18 681/ha) in 2022. The equivalent value for the Sundays River estuary is ZAR32 245/ha (USD1747/ha).

The two international studies listed in Table 1 provide a range from USD2661/ha to USD579 632/ha. This, however, is misleading as these estuaries are defined with different habitat characteristics. When adjusting these to reflect the open-water value only, the range changes to between USD4624/ha and USD9377/ha (Supplementary table 1). The estimate for the Sundays River is only 37% of the lowest estimate within this range, while the estimate for the Swartkops River estuary is about double the highest value.

The value of nutrient cycling in the Swartkops River estuary has increased considerably from ZAR8.6 million (USD466 076) to ZAR123.4 million (USD6.7 million; using an exchange rate of USD1 = ZAR18.4519). This is due to increases in DIP and DIN concentrations in the Swartkops River estuary, which are most probably due to the expansion of industry and informal settlements in Gqeberha. This, considered together with evidence of the declining efficiency of WWTWs in Algoa Bay, implies the system is facing increasing anthropogenic stress.

Conversely, the value has declined in the Sundays River estuary from ZAR29.9 million (USD1.6 million) to about ZAR7.9 million (USD428 140). There are three possible, not mutually exclusive, explanations for the reduction in nitrate nutrient loads in the Sundays River estuary since 1994. The first is that agricultural legislation has become stricter and its enforcement has caused fewer agricultural pollutants to find their way into the river. The second is that the Orange-Fish-Sundays Rivers water scheme is affecting the amount of water flowing in the river, which may dilute the pollutants and thus the value. The final explanation is that the growth in conservation activities, particularly the continual expansion of Addo Elephant National Park as well as the declaration in 2018 of a Marine Protected Area45, has affected the extent to which pollutants enter these river systems and, subsequently, the marine environment.

Implications

The change in valuation over time is significant. This change reflects changes in WWTW efficiency, economic development and population growth, and also includes conservation efforts, the adoption of environmentally friendly agricultural practices and regulation upstream, as well as water transfer schemes.46 Irrespective of these changes, the available data indicate the sizable contribution of the estuaries pertaining to nutrient cycling services. In 2022, estuaries in Algoa Bay – with little cost to society – removed nutrient loads at an estimated value of ZAR131.4 million. The cost to remove this additional pollutant using WWTWs would need to be larger to compensate for the loss of plant efficiency and capacity shortages. It should be noted that, although there has been no recent public tender, upgrades and expansions to existing facilities in the Eastern Cape would have cost between ZAR200 million and ZAR800 million (depending on scope) in 2010.47

By allowing these estuaries to decline, society could gradually lose this free annual benefit and place at risk the economic value that a healthy marine environment contributes to the local economy. In 2024, Nelson Mandela Bay’s tourism sector generated approximately ZAR4.2 billion, while logistics and port-related activities contributed an estimated ZAR6.8 billion to the metro’s economy.48 Protecting the value added by marine ecosystems necessitates substantial efforts towards estuarine conservation to ensure future ongoing nutrient cycling occurs.

Conclusion

Ecosystems render services that have economic value, such as nutrient cycling, and that are often underappreciated because their economic contributions are not made explicit due to significant complexities. Making these values explicit is important to mobilise resources towards the protection, conservation and restoration of ecosystems to enhance the capabilities thereof to perform their functions. Robust nutrient cycling valuations can support the development of evidence-based policies aimed at reducing nutrient pollution and enhancing ecosystem services. Policymakers can use these valuations to justify the implementation of regulations and initiatives that protect and restore estuarine environments.

According to the data transfer method, the range of nutrient cycling is very large, ranging between ZAR27 million (USD1.4million) and ZAR375 million (USD20.32 million), depending on the source, the valuation method and the area over which the unit values are applied. This broad range, while useful, introduces too much uncertainty and has little value from a planning perspective. Even within a data-poor and resource-constrained context, it is possible to use the data available to estimate the budget required for WWTWs to remove the same amount of nutrients. This estimate, albeit not perfect, is considered more reliable as it uses locally sourced data. Also, as the cost and efficiency data for WWTW are more readily available and nutrient concentrations at estuary heads and mouths are more easily measured, additional estimates in other estuaries are feasible. Within this case, the value of the nutrient cycling services of the Swartkops and Sundays River estuaries is estimated to have increased from approximately ZAR38.5 million (USD2.09 million) in 1994 to ZAR131.4 million (USD7.12 million) in 2022.

These estuaries offset the need for capital investment of these magnitudes, reflecting their importance and the need for continued restoration and conservation.
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Sea cucumbers are soft-bodied marine invertebrates revered for their potent health benefits derived from biologically active molecules. However, research has primarily focused on commercially valuable species, such as Apostichopus japonicus, leading to their overexploitation as well as neglect of other species that may also contain valuable metabolites and nutritional value. This study presents the first untargeted metabolomic comparison of two southern African sea cucumber species, Holothuria cinerascens and Pseudocnella sykion, using proton nuclear magnetic resonance and ultra-performance liquid chromatography quadrupole time-of-flight high-resolution mass spectrometry. These species were selected due to their limited prior study and their overlapping habitats along the KwaZulu-Natal coastline. Despite their shared geographical locality, they exhibit distinct metabolic profiles. H. cinerascens displayed elevated levels of metabolites involved in osmoregulation (betaine), energy and amino acid metabolism (xylose, glucose, alanine, glutamate, glutamine, lysine and taurine) and defence metabolites, including the presence of several triterpene glycosides, whereas P. sykion notably contained rosmarinic acid and higher proline levels. These differences probably reflect genetic, ecological and reproductive variations between the species. Even though it provides insights into sea cucumber metabolism, this study also underscores the challenges in holothurian metabolomics, including the scarcity of holothurian-specific annotations in metabolite databases and the absence of these species in the Dictionary of Marine Natural Products. By establishing the baseline metabolic compositions of these understudied species, this work provides a foundation for targeted metabolomics to elucidate their metabolic pathways, discover novel bioactive compounds, expand aquaculture practices, foster economic opportunities and advance sustainable resource management and conservation efforts.

Significance:

This study presents the first metabolomic comparison of H. cinerascens and P. sykion from South Africa. Despite their geographic proximity, the species exhibit distinct metabolic profiles. H. cinerascens displayed greater metabolic diversity – including a higher potential for triterpene glycosides and osmolytes – suggesting increased environmental exposure and stress. Unidentified metabolites, particularly in P. sykion, hint at novel bioactive compounds. Overall, the study highlights gaps in holothurian-specific metabolomics and underscores the need for compound isolation, fragmentation and pathway analyses. These findings demonstrate the metabolic potential of lesser-known species and advocate for expanded research to support drug discovery, aquaculture and sustainable marine resource management.






Introduction

Sea cucumbers, which are marine invertebrates of the phylum Echinodermata, are characterised by soft, leathery, cylindrical bodies and pentaradial symmetry.1 These organisms inhabit diverse marine environments, with the highest abundance and diversity concentrated in the tropical and subtropical Asia-Pacific regions.1-3 Harsh environmental conditions have driven the production of unique metabolites in marine species, with echinoderms emerging as novel sources of biologically beneficial biomolecules, such as triterpene glycosides, fucosylated chondroitin sulfate and bioactive peptides that exhibit a range of therapeutic anti-thrombotic, anti-coagulant, anti-microbial, anti-inflammatory, anti-oxidant, anti-hypertensive and wound-healing properties.4-7

The health benefits of sea cucumbers are well recognised, with some species referred to as ‘marine ginseng’, and they have been used for centuries in Asian cultures as medicinal ingredients.8-10 Their body walls are often dried into a highly valued, nutritionally dense dietary delicacy referred to as ‘Beche-de-Mer’, ‘Trepang’, or ‘Gamat’.1,2 The growing interest in natural pharmaceutical and nutritional sources has propelled marine alternatives to the forefront of scientific research, as they provide safer substitutes for synthetic or terrestrially derived components.6,11 However, the commercial demand for sea cucumber products is primarily focused on a few select species, such as Apostichopus japonicus and Cucumaria frondosa, leading to overexploitation and endangerment despite conservation efforts, catch limits and legal action against poaching.1,2,12,13 Although sustainable cultivation practices are being adopted, challenges persist, including high mortality rates in captivity and nutritional and metabolic variability, which is influenced by environmental factors and species-specific differences.11,13,14 Therefore, investigating the metabolic properties of alternative sea cucumber species is crucial to uncovering their biochemical and nutritional potential and promoting sustainable resource management.

Metabolomics is an increasingly popular research field with broad applications spanning biomarker discovery, disease diagnosis, therapeutic monitoring, geographical determination, nutritional analysis and environmental impact studies. Metabolomics aims to identify metabolites involved in an organism’s physiological and metabolic responses, which represent the final products of gene expression and provide valuable insights into the complex metabolic responses to both internal and external factors.15-17

In South Africa, Holothuria cinerascens is a prominent species within the Holothuriidae family under the Holothuriida order, commonly found inhabiting intertidal regions along the warmer eastern coastlines and the Indian Ocean.1,18,19 This shallow-water species is primarily a deposit feeder but can also engage in suspension feeding.3,19,20 It is characterised by a thick body wall, which ranges in colour from rusty red-brown to purple-black, and can grow to an average length of 16 cm.1,3,11 H. cinerascens is suspected to undergo asexual reproduction through transverse fission during winter in the southern hemisphere or in suboptimal environmental conditions, a trait observed in several Aspidochirotids.21 In addition, H. cinerascens is highly sensitive to environmental stressors, expelling its internal organs – a process known as evisceration – as a defensive mechanism when threatened.1,4

Members of the Dendrochirotida are predominantly located in temperate regions, often residing in soft sediment or being attached to hard rock or coral surfaces.18 Pseudocnella sykion, commonly known as ‘the black sea cucumber’, is a Dendrochirotid species within the Cucumaridae family, endemic to the warm tropical waters along the eastern coast of South Africa, and it typically nestles within rock crevices along intertidal rocky shores.18,22 This suspension-feeding species is relatively small, reaching up to 9 cm, with a plump, barrel-shaped body that ranges from dark olive-green to black.23,24

Despite the ecological and therapeutic significance of sea cucumbers, substantial gaps remain in our understanding of their metabolic profiles. H. cinerascens and P. sykion have received little scientific attention beyond basic morphology, especially as P. sykion is an endemic species with restricted geographical ranges, further limiting available information. This knowledge gap is largely due to the scarcity of research into non-commercially valued varieties, compounded by limited research resources and infrastructure in developing countries such as South Africa. We aimed to bridge these gaps by conducting an untargeted metabolomics comparison of H. cinerascens and P. sykion from KwaZulu-Natal, South Africa, using proton nuclear magnetic resonance (1H-NMR) and ultra-performance liquid chromatography quadrupole time-of-flight high-resolution mass spectrometry (UPLC-QTOF-HR-MS) techniques. These two species were selected due to their limited prior study, their abundance along the KwaZulu-Natal coastline and their overlapping habitats, which allow a direct comparison to be made to determine whether taxonomy or geographical location plays a greater role in metabolite differentiation or similarity. By exploring the metabolic profiles of these species, this research highlights the untapped potential of non-commercial sea cucumber species and emphasises the importance of expanding research efforts to promote sustainable practices, conservation and the discovery of novel metabolites with therapeutic applications. Moreover, investigating indigenous or endemic sea cucumber species could present significant economic opportunities for developing nations, fostering income generation and job creation through cultivation, processing, exportation and research initiatives involving these species.

Methods and materials

Ethical statement

At the time of study, the Animal Research Ethics Committee did not require ethics clearance for research involving sea cucumbers, as they were classified as lower-order marine invertebrates without a definitive spine or neural network. Nevertheless, it is essential to note that all procedures related to sample collection, handling and processing complied with the regulations and guidelines provided by the Animal Research Ethics Committee and the South African Department of Forestry, Fisheries and the Environment.

Sample collection and preparation

H. cinerascens and P. sykion specimens were gathered from the intertidal rocky shores at Park Rynie, KwaZulu-Natal (30°19′S, 30°44′E) during the spring tides in August 2021 and January 2022. The samples were promptly frozen, followed by cleaning and dissection. The tissues were then frozen in liquid nitrogen, freeze dried, ground into a powder and stored at −80 °C until analysis.

NMR analysis

For NMR analysis, 18 samples from each species were prepared by adding 50 mg of freeze-dried tissue into 2 mL Eppendorf tubes along with 600 µL each of deuterated methanol (CH3OH–d4) and a deuterium oxide–potassium dihydrogen phosphate (D2O–KH2PO4) buffer containing 0.01% 3-(trimethylsilyl)-propionic acid as an internal standard. The samples were sonicated for 15 min followed by 15 min of centrifugation at 12 000 rpm (10 625 xg). The supernatant was transferred into an NMR tube and analysed by performing 32 scans in a 600 MHz NMR spectrometer.

The raw spectral data were pre-processed, including referencing, normalisation and baseline correction, using MestReNova (v14.2.2). Binned regions spanning 0.04–10.0 ppm at 0.04 ppm widths were generated to reduce the spectral intensities in preparation for subsequent multivariate analysis. These regions were exported as a CSV database file into SIMCA software v17.0.1 (Umetrics, Sweden), which was used to extract chemical information related to metabolic composition and differentiation. Prior to multivariate analysis, exclusion zones were defined for the peaks of water (4.6–5.0 ppm) and methanol (3.28–3.36 ppm) to ensure that these areas did not affect the analysis. The data analysis consisted of two steps. First, an unsupervised principal component analysis was performed to provide an unbiased data comparison, enabling the identification of trend clusters and potential data outliers. This was followed by a supervised orthogonal partial least squares discriminant analysis (OPLS-DA), which compared the chemical data based on predefined class identifiers to uncover further trends within the data set. Spectral regions with the most significant impact on metabolic differentiation were identified using a covariance scatter plot (S-plot), Variable Importance for the Projection (VIP) score plot and contributions loading analyses. The OPLS-DA model was validated through a permutation test involving 100 permutations. Compounds were subsequently annotated in Chenomx (v9.02) by comparing the differentiated spectral regions from the contribution loadings plot with compound databases and with results from relevant scientific literature.

UPLC-QTOF-HR-MS

The UPLC-QTOF-HR-MS analysis was conducted on representative samples, where metabolites were extracted from approximately 45 mg of freeze-dried tissue using 2 mL of cold 70% high-performance liquid chromatography-grade methanol. The extraction process involved sonication followed by vortexing to ensure thorough homogenisation. Following extraction, insoluble tissue material was pelleted by centrifugation, and the resulting supernatant was filtered through a Pall acrodisc GHB 0.2-µm syringe filter (13 mm, 0.2 µm) equipped with a Teflon plunger head to remove particulates in preparation for UPLC analysis.

The UPLC-QTOF-HR-MS analysis was performed using a Waters T3 C18 column (150 mm × 2.1 mm × 1.8 µm) integrated with a Waters Classic UPLC system, coupled to a Waters SYNAPT G1 Mass Spectrometer (Waters Corporation, Milford, MA, USA). Initial analyses revealed issues of signal saturation and co-elution, prompting the need for subsequent experiments to utilise a Waters Premier UPLC paired with a Waters SYNAPT XS Mass Spectrometer (Waters Corporation, Milford, MA, USA). The UPLC system operated with a column temperature of 60 °C. The mobile phase consisted of Solvent A (water with 10 mM formic acid) and Solvent B (acetonitrile with 10 mM formic acid). The elution gradient began with 100% Solvent A for 1 min, transitioning linearly to 1% Solvent A over 16 min, at a flow rate of 0.4 mL/min, with a total runtime of 20 min. QTOF-HR-MS was conducted in both positive and negative electrospray ionisation modes (ESI+ and ESI–). The capillary voltage was set to 0.6 kV and the cone voltage was maintained at 30 V. The source and desolvation temperatures were set to 120 °C and 450 °C, respectively, with nitrogen (N2) serving as the desolvation gas at a flow rate of 600 L/h. Accurate mass calibration was achieved using a LockMass correction with leucine enkephalin (100 pg/µL) sampled every 20 s.

Data generated from the UPLC-QTOF-HR-MS analysis was processed using the integrated MassLynx 4.2 (SCN 1028) software, ensuring a mass accuracy below 1 mDa. Elemental composition analysis was performed using the software’s embedded tools, with predefined ranges for carbon (C; 1–80), hydrogen (H; 1–200), oxygen (O; 0–35) and sulfur (S; 0–2). This approach was tailored to provide a comprehensive evaluation of elemental compositions relevant to saponins and other holothurian metabolites, while excluding atypical elements, such as chlorine (Cl), fluorine (F), phosphorus (P) and nitrogen (N). Monoisotopic mass data accounted for both odd and even electron states, with a mass tolerance of 3 mDA. A tentative metabolite annotation was achieved by comparing the mass spectral data to online databases, including ChemSpider, PubChem, The Dictionary of Marine Natural Products and the NIST 2014 Mass Spectral Library, along with relevant literature.

Results

The principal component analysis of the 1H-NMR data from body tissue extracts of H. cinerascens and P. sykion (Figure 1a) revealed closely grouped clusters for both species. However, extracts from H. cinerascens demonstrated greater metabolic variability, with samples more widely dispersed across the plot. Notably, four H. cinerascens samples appeared outside the 95% confidence circle, with ‘HC3’ and ‘HC6’ appearing as outliers in both the Hotelling’s and DmodX Line Plot tests. Overall, the model displayed a high goodness of fit and predictability16,25, with R2X = 0.885 and Q2(cum) of 0.787.
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Figure 1: Principal component analysis (PCA-X) results (a) and orthogonal partial least squares discriminant analysis (OPLS-DA) score plot (b) from the proton nuclear magnetic resonance (1H-NMR) spectral data showing the metabolic separation between H. cinerascens and P. sykion, based on 18 replicates per species.



The OPLS-DA results (Figure 1b) yielded R2X(cum) = 0.856, R2Y(cum) = 0.637 and Q2(cum) = 0.592 and demonstrated a complete separation between H. cinerascens and P. sykion. Furthermore, H. cinerascens displayed a higher intra-species metabolic variability compared to P. sykion, as evidenced by the broader level of sample dispersion26 with increased vertical dispersion towards the left of the y-axis, whereas the P. sykion samples appeared more tightly clustered on the right. The distinct horizontal separation underscores strong metabolic differentiation between the two species.26 This differs from the overall principal component analysis and suggests that taxonomic grouping may play a more significant role in the metabolic profile than shared geographical location. One possible reason for this could be minor niche segregation, whereby H. cinerascens appears more exposed on rock surfaces and buried under sand, whilst P. sykion is only found hidden in narrow rock crevices. This may influence dietary variation, and the exposure of H. cinerascens to greater environmental stress factors may influence metabolic activity in this species, which is known to eviscerate under stress. In addition, this metabolic distinction may be linked to the possibility of H. cinerascens reproducing asexually, which involves metabolic changes in the mutable collagenous tissue of the body wall – a process not suspected to occur in P. sykion, although further research is warranted. Permutation validation was carried out with 100 permutations, confirming model robustness, with the intercepts of R2 = (0.0; 0.145) and Q2 = (0.0; −0.269) (Supplementary figure 1).

The NMR profiles of H. cinerascens and P. sykion were stacked to visualise chemical shift regions responsible for metabolic variation (Figure 2a, b). H. cinerascens demonstrated greater metabolic activity and potential than P. sykion, with distinctive regions unique to each species evident throughout the comparisons. In the 0.0–2.5 ppm region, H. cinerascens exhibited higher-intensity peaks, whereas P. sykion displayed inconsistent, low peaks. However, P. sykion showed a distinct multiplet around 2.7 ppm, which was absent in H. cinerascens. Both species displayed differentiated peaks between 3.0 ppm and 4.0 ppm, with H. cinerascens showing less distinct peaks at higher concentrations than P. sykion. Notable variations were observed at 3.0 ppm, where H. cinerascens displayed a multiplet, whereas P. sykion exhibited a singlet in most samples. Distinct peaks, probably correlating with glycerol, were observed between 3.5 ppm and 3.8 ppm, with greater resolution in P. sykion. H. cinerascens contained a singlet at 4.4 ppm and doublets between 4.5 ppm and 4.6 ppm, which were absent in P. sykion. The abundant peaks in the sugar-aliphatic region may relate to holothurin compounds, which are known to be abundant in the Holothuria genus. In the aromatic region, variations between 5.1 and 5.5 ppm showed no distinct pattern between species. Several doublets between 5.9 ppm and 6.2 ppm and a singlet at 6.8 ppm were more prominent in H. cinerascens. Between 7.9 ppm and 8.05 ppm, H. cinerascens displayed a multiplet and a doublet, absent in P. sykion. In addition, in the 8.0–8.8 ppm region, P. sykion had small peaks between 8.15 ppm and 8.35 ppm, whereas H. cinerascens exhibited a larger array of peaks between 7.95 ppm and 8.75 ppm. These observations suggest significant metabolic differentiation between the two species, despite shared geographical location, probably reflecting minor ecological distinctions related to habitat preferences and feeding mechanisms, as well as genetic factors associated with their distinct taxonomic orders.
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Figure 2: Nuclear magnetic resonance (NMR) spectral comparison showing the chemical shift regions within the sugar-aliphatic (a) and aromatic (b) zones that differentiate Holothuria cinerascens (HC) and Pseudocnella sykion (PS).



Spectral regions influencing separation between H. cinerascens and P. sykion were determined using an S-plot and VIP score plot, with influential scores identified from both ends of the S-plot and from VIP score values ≥1.0 (Figure 3a and 3b). A contribution loadings plot (Figure 3c and Supplementary table 1) highlighted the spectral regions contributing to metabolic differentiation between the two species. However, due to the ‘HC3’ and ‘HC6’ samples being identified as outliers, contribution comparisons were repeated excluding these samples. The resulting S-plot and VIP score plot are shown in Figure 4a–b, and the contribution loadings plot (Figure 4c and Supplementary table 1) identifies the spectral regions contributing to metabolic differentiation when these outliers are excluded.
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Figure 3: S-plot (a), VIP score plot (b) and contribution loadings plot (c) showing the proton nuclear magnetic resonance (1H-NMR) spectral regions positively associated with H. cinerascens that contribute to the clustering and separation of the tissue extracts between H. cinerascens and P. sykion. Bars above the x-axis represent chemical shift regions positively associated with H. cinerascens.
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Figure 4: S-plot (a), VIP score plot (b) and contribution loadings plot (c) excluding the ‘HC3’ and ‘HC6’ samples, showing the proton nuclear magnetic resonance (1H-NMR) spectral regions positively associated with H. cinerascens that contribute to the clustering and separation of the tissue extracts between H. cinerascens and P. sykion. Bars above the x-axis represent chemical shift regions positively associated with H. cinerascens.



Compound annotation

Compound annotation of the 1H-NMR spectral results was performed by comparing spectral bins derived from the S-plots, VIP score plots and contribution loadings plots with the Chenomx NMR Suite software, the Human Metabolome Database and results from relevant literature. Annotated compounds resulting from this analysis are listed in Supplementary table 2.

UPLC-QTOF-HR-MS analysis (Figure 5 and Supplementary table 3) revealed distinct metabolic profiles between H. cinerascens and P. sykion. Compound data were derived based on the broad parameters set by the MS software, necessitating annotation by referencing generalised matches from the available literature and databases. Although numerous compounds were tentatively annotated (Supplementary table 3), precise confirmation was hindered by the significant degree of isomerism, the absence of holothurian-specific MS databases and the limited availability of mass spectral data in the current literature, resulting in multiple potential matches for many compounds. The Dictionary of Marine Natural Products did not contain any information on H. cinerascens and P. sykion. Compounds labelled as ‘unknown’ did not correspond to any reference spectra, suggesting they may represent novel holothurian- or species-specific metabolites. The results corroborate the OPLS-DA findings (Figure 1b), with H. cinerascens exhibiting higher metabolite diversity than P. sykion, which is consistent with the 1H-NMR findings (Figures 2–4 and Supplementary table 2).
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Figure 5: Representative ultra-performance liquid chromatography quadrupole time-of-flight high-resolution mass spectrometry (UPLC-QTOF-HR-MS) chromatograms highlighting the metabolic profile differences between Holothuria cineastes (‘HC’) (a) and Pseudocnella sykion (‘PS’) (b).



Notably, H. cinerascens demonstrated a higher potential for triterpene glycosides, with tentative annotations including the following which were not detected in P. sykion: holothurin A (arenicolaside A), holothurin B, B3, B4; 17-hydroxyfuscocineroside B; 25-hydroxyfuscocineroside B and nobiliside B, nobiliside II (nobiliside C). H. cinerascens showed the potential for aliphatic organosulfates, such as dibutyl sulfate, octyl sulfate and 6-methylheptyl sulfate, reaffirming the existence of more robust chemical defence mechanisms in H. cinerascens, with many of the identified compounds possessing significant biological activities. However, despite the greater metabolite diversity in H. cinerascens, some compounds were unique to P. sykion, including rosmarinic acid – a phenolic compound commonly associated with plants27,28 – alongside several unknown metabolites, potentially including novel sulfated triterpene glycosides.

These findings underscore the unique metabolic profiles of both species and highlight the considerable potential of H. cinerascens, a ‘low-value’ species1, and the little-known, endemic P. sykion to produce bioactive metabolites with prospective therapeutic and nutritional applications. However, to fully characterise the structural properties and chemical identities of these metabolites, further targeted investigations, including compound isolation, purification, fragmentation analyses and metabolic pathway studies, are required to determine the compound origins – whether endogenous or derived from external sources, such as microbial interactions or dietary intake. Moreover, evaluating the biological properties of their metabolites could inform the feasibility of integrating these species into aquaculture systems. Such an approach could provide a sustainable source of biological resources for downstream testing and industrial applications, promoting the environmentally sustainable utilisation of these underexplored species.

Discussion

This study represents the first untargeted metabolomic comparison between H. cinerascens and P. sykion, providing novel insights into their metabolic profiles. Overall, H. cinerascens exhibited greater metabolite diversity than P. sykion (Supplementary table 2), including moderate to low levels of amino acids, sugar-type compounds and carboxylic acids, which were largely absent or minimal in P. sykion. Betaine, an osmoregulant, was abundant in both species but significantly elevated in H. cinerascens. Elevated levels of betaine and energy metabolites have been linked to stress responses in sea cucumbers exposed to high temperatures, high salinity, hypoxia and skin ulceration syndrome.14,29-32 This may indicate potential heat stress and a heightened need for water regulation in H. cinerascens, which is attributable to greater sun and ultraviolet exposure compared to P. sykion. Conversely, P. sykion demonstrated higher levels of proline and sarcosine, which were absent or minimal in H. cinerascens. Other compounds, including ascorbic acid, dimethyl sulfone, ethanolamine, glycerol, glycine, malonate and mannose, were present in both species at comparable levels.

Sea cucumbers are osmoconformers, with many of the annotated compounds recognised as ‘compatible osmolytes’ – compounds that stabilise protein structures and maintain osmotic balance under stress or high salinity environments.3,29,30,33 Several of these compounds – including sugars, organic acids and choline derivatives – are also referred to as natural deep eutectic solvents.34,35 Natural deep eutectic solvents can form stable liquids at room temperature without water when combined in specific ratios, helping to maintain water balance during drought, temperature fluctuations and high salinity.34,35 The higher abundance of these osmolytes in H. cinerascens may reflect a greater reliance on natural deep eutectic solvents to prevent desiccation in shallow, sun-exposed habitats. These findings underscore the adaptability of sea cucumbers to their harsh environments and highlight the potential of their metabolites for therapeutic and protective applications in drug discovery, agriculture and pharmacology.

In addition to osmotic regulation, feeding strategies and dietary variation could also lead to compositional changes in the metabolome.36-38 P. sykion is a suspension feeder that relies on water submersion to feed from the water column, whereas H. cinerascens combines deposit and suspension feeding, potentially accessing a broader, more varied diet.1,3,19,20 Therefore, it is probable that H. cinerascens consumes more detritus and sediment-based nutrients, whereas P. sykion is probably more exposed to organic faecal matter, phytoplankton or algae from the surrounding organisms in the rock crevices.

Genetic factors further influence metabolic differentiation, with H. cinerascens and P. sykion belonging to genetically distinct taxonomic orders, Holothuriida and Dendrochirotida.18 Genetic factors significantly drive metabolic variations by modulating gene expression in response to internal and external signals.5,11,39-41 For example, H. cinerascens undergoes evisceration triggered by heat stress, predation or handling – a process absent in P. sykion.4,21 Reproductive strategies can also influence metabolic variability among sea cucumber species.21,40,41 Although both species are capable of sexual reproduction, H. cinerascens may also be capable of reproducing asexually through transverse fission, which is a process that involves metabolic changes that rearrange internal organs and facilitate enzymatic interactions that lead to constriction of the body wall.21,40 Prior to fission, the organism ceases feeding, potentially inducing metabolic changes through nutrient and energy restriction.21 These factors illustrate how genetic and physiological mechanisms may contribute to metabolic variability, warranting further investigations to elucidate the complete metabolic structures within these species and the physiological mechanisms and pathways involved in their production and utilisation.

Notably, H. cinerascens demonstrated higher levels of xylose and glucose (Figure 2 and Supplementary table 2), probably contributing to triterpene glycosides, as these compounds are major constituents of triterpene glycosides, with xylose typically forming the first monosaccharide in the carbohydrate chain.6,42,43 Numerous studies have highlighted the role of saponins in holothurian reproductive and defence mechanisms, with species more exposed to harsh environmental conditions possessing higher concentrations of saponins.4-7,10,42 These patterns were corroborated by the UPLC-QTOF-HR-MS analysis, highlighting the higher metabolic activity and the potential bioactive or therapeutic potential within H. cinerascens (Supplementary table 3). Although H. cinerascens displayed a greater overall potential for bioactive metabolites, the presence of rosmarinic acid in P. sykion is noteworthy, as rosmarinic acid is known to possess various anti-cancer, anti-tumour, anti-inflammatory, anti-microbial, anti-viral and anti-oxidant properties.27,28 Although rosmarinic acid has been found in H. forskali7, further studies are needed to determine whether this metabolite originates from P. sykion or the potential plant, faecal or detritus-based material it consumes.

Overall, the observed metabolite differences suggest that taxonomic, dietary and niche-specific factors may be stronger drivers of metabolic variation despite close geographical proximity. Untargeted 1H-NMR and UPLC-QTOF-HR-MS metabolomics have proved valuable for establishing unbiased baseline comparisons between the investigated species, but limitations remain in the structural elucidation of metabolic compounds, particularly in situations with overlapping spectral peaks.15,17,44 In addition, the scarcity of holothurian-specific data among the existing literature and databases has limited the identification of compounds due to a lack of reference material. These constraints highlight the need for further targeted investigations employing compound isolation and fragmentation techniques with the potential addition of reference species, alternative metabolomics techniques and solvents. Such efforts are imperative so that we can fully understand the biochemical pathways and structural composition of compounds within sea cucumbers and learn how environmental or physiological factors may influence these metabolic differences.

Future investigations should also explore stress responses and mitigation strategies in cultivation systems, as these could inform aquaculture practices aimed at improving the health, nutritional value and survivability of sea cucumbers in artificial environments. Expanding metabolomic research into indigenous sea cucumbers holds promise for discovering novel bioactive metabolites and broadening commercial and pharmaceutical utilisation, while also opening up economic pathways in third-world countries. However, this must be balanced with sustainable resource management to avoid the exploitation patterns already observed in high-value species.

Conclusion

Understanding the metabolome of the sea cucumber and its biological potential is essential for expanding species utilisation and promoting the sustainable use of marine resources. Investigating indigenous or endemic holothurian species offers economic opportunities, particularly in developing nations, by supporting income generation and employment through cultivation, processing, exportation and natural product research. This study reveals metabolic variations between H. cinerascens and P. sykion, providing insights into their physiological adaptations. By establishing baseline metabolic profiles for these species, this research contributes to a broader understanding of marine diversity and the potential applications of sea cucumber research. Key metabolites involved in osmoregulation, energy metabolism and defence mechanisms lay the foundation for further exploration of their biochemical pathways, functional roles and potential benefits for human health. Although this study marks a significant advancement in marine metabolomics, addressing limitations, such as sample size, employing complementary metabolomics techniques for structural elucidation and examining stress responses in cultivation settings are essential so that we can fully understand the holothurian metabolome and enhance commercial viability. Expanding research efforts hold promise for improving conservation strategies and integrating a wider range of species into aquaculture and commercial use, while prioritising sustainable practices to alleviate pressure on high-value species and preserve marine biodiversity.
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1/2


Surface ozone (O3) pollution is known to have a detrimental effect on agriculture whilst rising carbon dioxide (CO2) concentrations are sometimes found to offer plants protection against O3 effects. Considering the important role of sugarcane (Saccharum spp. hybrids) as a major food crop in South Africa and its contribution to the national economy, the tolerance of this crop to O3 damage must be established. A pilot study using open-top chambers was conducted whereby two local commercial sugarcane cultivars (NCo376 and N31) were fumigated during the summer growth season to explore the effects of elevated O3 as well as the interacting effects of O3 and CO2 on various stress and crop quality indicators. Statistical significance of differences in treatment means was analysed by hierarchical linear modelling to account for variability between chamber and pots in explaining changes across individual plants. The results revealed a significant reduction in the number of dead leaves (senescing) for the N31 cultivar exposed to elevated O3 compared with the other treatments. There was also a statistically significant decrease in chlorophyll fluorescence (used to assess photosynthetic performance) in the O3-treated NCo376 plants. This pilot study shows limited effects of O3 fumigation on growth and physiology, with preliminary indications that sugarcane is less sensitive to O3 than other crops. An increase in O3 concentrations associated with future climate change is expected, which will have implications for cultivar selection as a possible adaptation strategy to reduce susceptibility of this crop to O3.

Significance:


	•
This article adds to the existing literature on sugarcane and ozone (O3). We present a pilot study for two cultivars of sugarcane and explore interacting effects of O3 and carbon dioxide (CO2) on various stress and crop quality indicators.


	•
We employed a mixed effects model to account for variability between chamber and pots, a challenge when working with plants.


	•
This is the first time African sugarcane has been investigated and, although the findings show limited statistical effect of O3 and CO2, future studies can vary the conditions of this experiment to produce more data points for a dose-response function.









Introduction

High levels of ozone (O3) air pollution occur in southern Africa, particularly during late winter and spring from August to November where the maximum O3 concentrations can range between 40 and 60 parts per billion (ppb) and have been found to reach more than 90 ppb in mid-spring.1-3 The ‘O3 peak season’ overlaps with the summer growth season of various agricultural crops that extends from October to April of the following year.4 Elevated concentrations of O3 are recognised as posing a threat to the health of vegetation and agricultural crops.5-7 O3 stress effects include foliar injuries8,9, impairment of physiological functions such as reduced photosynthesis10 and reductions in both growth and yield of crops11-13, although the extent of the effects varies between species and varieties/cultivars6.

The main entry of ozone into the leaves is through the stomata whilst entry through the cuticle constitutes a negligible part of the O3 uptake pathway by plants.14 The effect of O3 may also be influenced by other environmental factors such as soil water content, temperature, solar radiation intensity and vapour pressure deficit, which can cause reductions in stomatal conductance and, subsequently, O3 uptake by plants.15,16 For instance, in low-humidity (high vapour pressure deficit) environments, plants close their stomata to reduce plant transpiration and loss of water, which results in reduced O3 uptake from the air, whereas plants in high-humidity (low vapour pressure deficit) environments open their stomata and unintentionally take up O3.17 Another environmental factor is atmospheric CO2 concentrations, which are steadily rising and are projected to reach between 700 and 800 parts per million (ppm) by the year 2100.18 Both these gases have been shown to affect plant growth and productivity but in opposing ways. Elevated CO2 on its own results in increased growth and yields in most crop species19, whereas elevated O3 alone has demonstrated reduced growth and yield of important crops20,21. However, the combination of elevated CO2 and O3 could offset the harmful effects of O3 damage. Some studies have shown that elevated CO2 affords plants more protection against O3 because of lower stomatal conductance, lower O3 uptake into leaves and increased provision of substrates for detoxification and repair processes.15 However, other studies found that the combined effects of elevated O3 and CO2 on plants provided no ameliorating effects.22

Sugarcane (Saccharum spp. hybrids) is an important agricultural crop in the tropical and subtropical regions of the world, especially for producing sucrose (sugar) and ethanol. In addition to sugar being a raw material for foods, sugarcane mills have learned to harness the energy stored inside the plant to produce high-grade fuels for transport, heat or power applications.23 Due to its importance as a source of food and renewable energy, it is important to know how this crop will respond to O3 pollution. Being a C4 (i.e. produces a four-carbon molecule as the first product of photosynthesis) plant, it is assumed that sugarcane will exhibit tolerance to O3 compared with C3 (i.e. produces a three-carbon molecule as the first product of photosynthesis) crop species that are more O3 sensitive.24 In C3 plants, studies have shown that photosynthesis is affected by a lower carboxylation efficiency induced by O3. This means the enzyme Rubisco, which fixes atmospheric CO2 as part of the Calvin cycle in photosynthesis, is affected. On the other hand, C4 plants have evolved a mechanism to enhance the efficiency of Rubisco by ‘concentrating’ CO2 around Rubisco so that these plants can function optimally at lower stomatal conductance than C3 plants.25 This also implies that C4 photosynthesis is less responsive to higher CO2 levels than C3 photosynthesis but evidence supporting these assumptions is still being collected. In more recent years, studies have been published on the sensitivity or tolerance of sugarcane to O323,26,27; however, empirical evidence from Africa as a sugarcane growing region is still unavailable28.

We aimed to assess the sensitivity of South African sugarcane cultivars to elevated atmospheric O3 concentrations, as well as the moderating effects of elevated atmospheric CO2 concentrations on plant response to high O3. By investigating the direct effects of O3 and interactive effects between O3 and CO2 on plant growth and photosynthesis in sugarcane plants, we can increase our understanding for crop modelling purposes and compare the findings with existing literature on sugarcane and O3. These findings could inform the importance of breeding selection of commercial cultivars that are tolerant to O3 and assist sugarcane producers adapt to climate change threats and O3 air pollution.

Materials and methods

Site characteristics and plant material

An open-top chamber (OTC) research facility situated at North-West University, Potchefstroom, South Africa (26o40ʹ50ʺS, 27o05ʹ48ʺE, altitude 1348 m above sea level) was used to conduct the O3 fumigation trial with two sugarcane cultivars. These OTCs are essentially transparent plastic cylinders having a volume of 5 m3, ventilated by a fan that can enclose plants and allow for concentrations of air pollutants to be controlled whilst maintaining natural climatic conditions close to field conditions.29 Each of the 12 chambers accommodated eight potted plants; therefore, four plants of each cultivar were placed within each chamber, giving a total of 96 plants used in the study.

Two commercial sugarcane cultivars in South Africa, NCo376 and N31, which were obtained from the South African Sugarcane Research Institute (SASRI), were used in the trial. Cultivar N31 has the ability to grow rapidly and produce an extremely high yield after an 18- to 24-month cycle but has a fairly low sucrose content.30 Cultivar NCo376 produces good yields (although not as high as N31) and has a higher sucrose content than N31, but its growth during severe water stress is poorer compared with N31.31 Seedlings of N31 and NCo376 were planted into pots and placed inside the OTCs. Irrigation was carried out every morning and evening to grow the plants under well-watered conditions. Fertiliser solution containing macro- and micronutrients ideal for sugarcane growth was applied to all pots once every 3 weeks and dissolved by irrigation.32 Fumigation of the plants was initiated 5 weeks after planting. The plants were exposed to elevated O3 and elevated CO2 concentrations for 7 months.

Treatments

Four chambers served as the control chambers (no fumigants) and received only charcoal-filtered air (<4 ppb O3 and 400 ppm CO2) by passing ambient air through a Purafil filter, which effectively removes the O3 and other contaminants present in the air stream. The eight remaining OTCs were designated as the treatment chambers. Four were used for CO2 fumigation involving 750 ppm alone (‘elevated CO2’), two for fumigation involving 80 ppb O3 alone (‘elevated O3’) and two for fumigation involving a mixture of 80 ppb O3 and 750 ppm CO2 (‘elevated CO2 plus O3’). Fumigation was maintained in the designated chambers during daylight hours (08:00–17:00) for the duration of the growth period of 7 months. The choice of 80 ppb O3 exposure was guided by other exposure-response data available for other South African crops at this level.33,34 The selection of the 750 ppm CO2 level was based on the two upper representative concentration pathways (RCP 6.0 and 8.5) future scenarios used in the Intergovernmental Panel on Climate Change assessment report.18

Growth measurements

The growth measurements, taken twice a month, included the number of green and dead leaves, top visible dewlap (TVD) leaf length and width, stalk height and number of tillers. The TVD leaf blade is the plant tissue often used in sugarcane studies and refers to the uppermost fully expanded leaf with a clearly visible dewlap or collar (as can be seen in McCray et al.35). The number of green and dead leaves was counted, starting from the base of the stalk to the TVD leaf. The stalk height was measured from the soil surface to the TVD leaf. The number of tillers present for each plant was counted, excluding the main tiller (primary shoot or stalk).

Chlorophyll a fluorescence measurements

Chlorophyll (chl) a fluorescence was measured using a Handy Plant Efficiency Analyzer (Hansatech Instrument Ltd, UK) portable fluorimeter and conducted at night to ensure that the sample leaves had already been dark-adapted for at least 1 h. The first step in the measurement process using the fluorimeter was to cover the measurement area of the TVD leaf blade with a small, lightweight leaf clip. A high intensity (3500 µMol/m2/s), short flash (1 s) of light was applied to the measurement area, which transiently closes all PSII reaction centres, reducing the overall photochemical efficiency so that fluorescence levels rise for 1–2 s.36 Following on from this, however, the fluorescence level typically starts to fall again, over a time scale of a few minutes.36 Measurements of chl a fluorescence were taken monthly, starting at 8 weeks after planting with three replicates per plant.

The most commonly used chl fluorescence measuring parameter is Fv/Fm37, with the dark-adapted value of Fv/Fm signifying the maximum potential quantum efficiency of PSII in plants if all capable reaction centres were open.38 The normalised ratio Fv/Fm is created by dividing variable fluorescence by maximum fluorescence:

Fv/Fm= (Fm− Fo)Fm= (F300−F0.01)F300,Equation 1

where

Fv/Fm is the maximum quantum yield of PSII photochemistry measured in the dark-adapted state,

Fo is the initial or minimum fluorescence intensity at 0.01 ms when light is first applied,

Fm is the maximum or peak fluorescence intensity at 300 ms and

Fv is the variable fluorescence, the difference between maximum fluorescence and minimum fluorescence.

The ratio Fv/Fm measures plant photosynthetic activity, with reduced values possibly indicating stress, photoinhibition and photosynthesis downregulation.38 An Fv/Fm value in the range of 0.79–0.83 is the approximate optimal value for many plant species, with lowered values indicating plant stress, particularly the occurrence of photoinhibition.38

Stomatal conductance measurements

To assess O3 uptake, stomatal conductance was measured once a month using a handheld porometer (Model AP4, Delta-T Devices, Cambridge, UK). Three measurements were taken per plant along the length of the TVD leaf. The measurements were taken between 12:00 and 14:00.

Chlorophyll content measurements

Chl content (measured in units of mg/m2) was measured once a month, starting at about 17 weeks after planting. Measurements were made using a handheld meter (Model CCM 300, Opti-Sciences, USA) by placing the leaf clip on the TVD leaf. Three measurements were taken per potted plant.

Statistical analyses

All measured data were downloaded using the data logger software of each instrument and saved as a text/csv file on a laptop computer. The data were sorted and processed in Microsoft Excel. All measurement results were subjected to statistical analysis methods to determine the statistical significance of the differences between treatment means. Hierarchical linear mixed models (HLMs) are a class of statistical models that allow for the analysis of nested data. These models are useful when dealing with data where observations are not independent of each other. These models account for variability at different levels, from individual measurements to overall groupings.39,40 In addition to these advantages, HLMs were selected as the estimation of individual change over time can be modelled and fewer assumptions need to hold for the procedure to be valid.41

In this study, HLM was conducted to analyse several variables in relation to the fixed effects of treatment and time, as well as their interaction. The growth and physiological variables were separately used as dependent variables in the HLMs. Two random intercepts (random effects) were included in each model, i.e. one at the chamber level and another at the nested pot level. The average of each treatment group for each dependent variable is provided for selected time points. The p-values for the predictors (‘treatment’ and ‘time’) are denoted as non-significant when p > 0.1, with increasing numbers of asterisks indicating significance levels at p ≤ 0.1, p ≤ 0.05 and p ≤ 0.01, respectively. These p-values test whether the predictors, ‘treatment’, ‘time’ or their interaction (treatment × time) has a statistically significant effect on the dependent variable. For the random effects, the estimate of the proportion of variance in the outcome variable accounted for at each level of the model is provided. This gives a measure of the importance of each random effect (‘chamber’ and ‘pot’) by dividing the effect’s variance estimate by the total variance estimate. A larger percentage indicates a more important random effect.

Results

Ambient conditions

Near-site meteorological data for the period of the trial were obtained from the Welgegund Atmospheric Research Station (http://www.welgegund.org), which is located at 26.57°S and 26.94°E with an elevation of 1480 m above sea level. The highest temperatures and relative humidities occurred during summer (December, January and February), with global radiation being the highest during spring (September, October and November) and summer (Table 1). Rainfall occurred predominantly from November to March. A comparison of ambient temperature and relative humidity levels with measurements taken inside the OTCs indicated that the temperature and relative humidity were higher (by 2–5 °C and 10–20%, respectively) inside the chambers compared with the outside. Additional data obtained from the station were ambient O3 concentrations that were used to calculate AOT40 values (Supplementary figure 1).



Table 1:Monthly averages of the hourly ambient temperature, global radiation, relative humidity and monthly accumulated precipitation measured during the period of the open-top chamber trial. The monthly averages are shown with the minimum and maximum values given in parentheses.



	Month
	Temperature (°C)
	Global radiation (W/m2)
	Relative humidity (%)
	Accumulated precipitation (mm)

	October 2014
	20 (4−32)
	291 (0−1086)
	40 (6−99)
	6

	November 2014
	19 (7−30)
	252 (0−1165)
	60 (13−100)
	25

	December 2014
	21 (13−32)
	270 (0−1207)
	62 (11−100)
	16

	January 2015
	21 (12−33)
	298 (0−1219)
	63 (11−100)
	55

	February 2015
	22 (11−34)
	303 (0−1143)
	52 (9−99)
	10

	March 2015
	19 (10−30)
	231 (0−1061)
	64 (10−100)
	21

	April 2015
	17 (4−26)
	212 (0−924)
	58 (9−100)
	8

	May 2015
	17 (5−28)
	192 (0−831)
	35 (7−99)
	0





Growth parameters

The data for all plant growth parameters measured can be found in the supplementary material (Supplementary figure 2) and are summarised in Table 2. Overall, green leaves, dead leaves, TVD leaf length and stalk height were slightly higher in the elevated CO2 (i.e. elevated CO2 and elevated O3 plus CO2) treatments than in the elevated O3 treatment (Supplementary figure 2 and Table 2). However, the data in Table 2 indicate that whilst the predictor variable ‘time’ was statistically significant for all models, ‘treatment’ was only significant in predicting the number of dead leaves on the N31 cultivar. The results for dead leaves presented in Figure 1 show that the number of dead leaves was significantly higher for CO2-treated plants than for the control plants, which can be interpreted as natural ageing (senescence) of leaves. On the other hand, the O3-treated plants have fewer dead leaves than the other treatments. A lower number of dead leaves on the treated plants compared with the control implies that the treatments do not result in earlier ageing of leaves (accelerated leaf senescence). The treatment × time interaction was significant for green leaves, dead leaves and leaf length for both varieties. It was also observed that the ‘chamber’ effect accounts for 30% or more of the variation in predicting leaf length, leaf width and stalk height variables for the N31 variety and 42% of the variation in stalk height for the NCo376 variety. The ‘pot level’ accounts for substantial variation across all growth variables, with ‘tillers’ accounting for 59% (NCo376) and 56% (N31), respectively. Interestingly, for NCo376 the number of tillers was the highest in the elevated O3 treatment than in the other treatments, whereas the reverse situation applied for N31 over time (Supplementary figure 2), which could relate to the sensitivity of the two sugarcane cultivars to O3. However, the differences were not statistically significant.



Table 2:Hierarchical linear mixed modelling on plant growth variables under the different treatments at selected weeks 5, 17 and 29 to determine whether differences are statistically significant: ns indicates p > 0.1, whilst *, ** and *** indicate significance at p ≤ 0.1, p ≤ 0.05 and p ≤ 0.01, respectively






	NCo376




	
	Green leaves (number per stalk)

	
	Dead leaves (number per stalk)

	
	Leaf length (cm)

	
	Leave width (cm)

	
	Stalk height (cm)

	
	Tillers (number per pot)




	Week 

	W5

	W17

	W29

	
	W5

	W17

	W29

	
	W5

	W17

	W29

	
	W5

	W17

	W29

	
	W5

	W17

	W29

	
	W5

	W17

	W29






	Control
	4
	5
	5
		3
	9
	14
		67.4
	100.9
	95.5
		1.8
	2.2
	2.5
		18.7
	50.0
	78.2
		5
	13
	11




	O3
	3
	4
	4
		4
	7
	13
		61.3
	99.6
	96.7
		1.5
	2.0
	2.4
		18.9
	50.0
	74.6
		5
	13
	11




	CO2
	5
	5
	4
		3
	9
	15
		68.9
	102.4
	102.2
		1.7
	2.1
	2.3
		17.7
	52.6
	85.9
		4
	13
	11




	O3 + CO2
	4
	4
	4
		2
	8
	15
		52.1
	111.1
	107.8
		1.4
	2.0
	2.2
		16.7
	47.5
	75.6
		3
	12
	9




	Fixed effects
																						



	Treatment
		ns
				ns
				ns
				ns
				ns
				ns
	



	Time
		***
				***
				***
				***
				***
				***
	



	Treatment × time
	***
				***
				***
				ns
				ns
				ns
	



	Random effects
																						



	Chamber
		2%
				10%
				27%
				14%
				42%
				8%
	



	Pot × chamber
	7%
				33%
				23%
				24%
				31%
				59%
	



	Residual
		91%
				57%
				49%
				62%
				25%
				33%
	



	N31




	
	Green leaves (number per stalk)

	
	Dead leaves (number per stalk)

	
	Leaf length (cm)

	
	Leave width (cm)

	
	Stalk height (cm)

	
	Tillers (number per pot)




	Week 

	W5

	W17

	W29

	
	W5

	W17

	W29

	
	W5

	W17

	W29

	
	W5

	W17

	W29

	
	W5

	W17

	W29

	
	W5

	W17

	W29




	Control
	4
	4
	4
		3
	8
	14
		92.8
	112.1
	112.4
		2.3
	2.4
	2.5
		23.9
	62.3
	91.3
		5
	12
	10




	O3
	3
	5
	4
		3
	6
	12
		66.8
	112.8
	111.8
		1.6
	2.4
	2.6
		19.9
	53.6
	80.1
		4
	10
	9




	CO2
	4
	4
	4
		3
	9
	15
		78.6
	112.8
	114.4
		2.0
	2.5
	2.8
		20.8
	57.0
	85.2
		4
	12
	10




	O3 + CO2
	4
	5
	5
		3
	6
	13
		67.3
	110.4
	111.6
		1.8
	2.3
	2.8
		21.5
	53.8
	75.6
		4
	13
	9




	Fixed effects
																						



	Treatment
		ns
				**
				ns
				ns
				ns
				ns
	



	Time
		***
				***
				***
				***
				***
				***
	



	Treatment × time
	***
				***
				***
				***
				ns
				ns
	



	Random effects
																						



	Chamber
		5%
				11%
				40%
				30%
				67%
				12%
	



	Pot × chamber
	11%
				26%
				18%
				15%
				13%
				56%
	



	Residual
		84%
				62%
				42%
				55%
				20%
				33%
	







[image: 21915Laban_fig1]

Figure 1: Evolution of the number of dead leaves through the growing season in two cultivars of sugarcane, (a) NCo376 and (b) N31, under the different treatments: exposure to charcoal-filtered air (control), elevated O3 (80 ppb), elevated CO2 (750 ppm) and elevated O3 plus CO2 (80 ppb and 750 ppm).



Physiological responses

Relative maximal variable fluorescence

Mixed model analysis to determine statistical significance showed that the chambers did not contribute any variation to the relative maximal variable fluorescence (Fv/Fm) for NCo376 and N31. Consequently, disregarding the influence of the chambers reduces the statistical analysis to a two-way repeated measures analysis of variance, which was performed to assess whether there is a difference in the treatment effect (Table 3). No significant differences were found between the treatments for N31, but the differences between the treatments for NCo376 were statistically significant. A decrease in Fv/Fm with elevated O3 over time and increase in Fv/Fm values with elevated CO2 over time was observed for NCo376. There was a statistically significant effect of the factor ‘time’ for both NCo376 and N31 and a significant (but lower) treatment × time interaction, suggesting that ‘time’ was a better predictor of changes in photosynthetic activity than ‘treatment’ in this pilot trial (Table 3 and Supplementary figure 3).



Table 3:Hierarchical linear mixed modelling on plant physiological parameters under the different treatments at selected weeks to determine whether differences are statistically significant: ns indicates p > 0.1, whilst *, ** and *** indicate significance at p ≤ 0.1, p ≤ 0.05 and p ≤ 0.01, respectively






	NCo376




	 
	Stomatal conductance (mmol/m2/s)

	 
	Chlorophyll content (mg/m2)

	 
	Chlorophyll fluorescence (Fv/Fm)




	Week

	W13

	W21

	W32

	 
	W17

	W21

	W30

	 
	W8

	W16

	W28






	Control
	489.31
	190.66
	136.02
	 	19.03
	14.13
	13.33
	 	0.785
	0.780
	0.784




	O3
	371.75
	348.00
	175.95
	 	22.75
	12.53
	10.21
	 	0.797
	0.793
	0.778




	CO2
	577.88
	280.16
	209.10
	 	18.86
	14.48
	13.14
	 	0.787
	0.788
	0.798




	O3 + CO2
	687.63
	142.29
	107.80
	 	16.00
	13.25
	13.25
	 	0.800
	0.774
	0.783




	Fixed effects
	 	 	 	 	 	 	 	ANOVA treatment effect




	Treatment
	ns
	 	ns
	 	**




	Time
	***
	 	***
	 	***




	Treatment × time
	ns
	 	ns
	 	**




	Random effects
	 	 	 	 	 	 	 	 	 	 



	Chamber
	8%
	 	12%
	 	 	 	 



	Pot × chamber
	3%
	 	0
	 	 	 	 



	Residual
	89%
	 	87%
	 	 	 	 



	N31




	 
	Stomatal conductance

	 
	Chlorophyll content (mg/m2)

	 
	Chlorophyll fluorescence (Fv/Fm)




	Week

	W13

	W21

	W32

	 
	W17

	W21

	W30

	 
	W8

	W16

	W28




	Control
	247.78
	138.43
	117.85
	 	12.42
	8.89
	8.28
	 	0.772
	0.770
	0.752




	O3
	247.06
	156.58
	102.88
	 	14.92
	8.53
	9.45
	 	0.775
	0.791
	0.755




	CO2
	163.50
	98.87
	121.23
	 	11.12
	10.57
	8.08
	 	0.774
	0.770
	0.773




	O3 + CO2
	186.63
	110.88
	118.78
	 	12.35
	11.11
	9.57
	 	0.779
	0.772
	0.751




	Fixed effects
	 	 	 	 	 	 	 	ANOVA treatment effect




	Treatment
	ns
	 	ns
	 	ns




	Time
	***
	 	***
	 	***




	Treatment × time
	ns
	 	ns
	 	***




	Random effects
	 	 	 	 	 	 	 	 	 	 



	Chamber
	6%
	 	5%
	 	 	 	 



	Pot × chamber
	3%
	 	15%
	 	 	 	 



	Residual
	91%
	 	81%
	 	 	 	 




ANOVA; analysis of variance





Stomatal conductance

The evolution of stomatal conductance of sugarcane through the growing season shows a decreasing trend (Supplementary figure 4), which suggests the stomata become more closed over the life cycle of the plants. In addition, NCo376 was found to have a higher stomatal conductance than N31 at each stage of development. For N31, O3 exposure decreased stomatal conductance to levels lower than the control and CO2 treatment, particularly in the advanced phenological stages (Supplementary figure 4). However, the differences between the treatments were not statistically significant (Table 3). Neither the ‘chamber’ nor ‘pot’ levels accounted for any noticeable variation in predicting the stomatal conductance.

Chlorophyll content

It can be observed from the controls that, in general, NCo376 has a higher chl content value than N31 (Supplementary figure 5). Chl content tended to drop significantly in NCo376 close to harvest, although the treatment difference was not statistically significant (Table 3). ‘Chamber’ effects (e.g. reduced solar radiation, higher temperature or more watering) accounted for 12% of the variation whereas ‘pot in chamber’ contributed 15% of the variation in predicting the chl content variable, for NCo376 and N31, respectively.

Discussion

HLMs were used in this study to statistically evaluate the influence of various parameters, i.e. pots, chambers, treatments and time effects, and to determine whether there is a statistically significant difference between ‘treatment’ and ‘time’, as well as the interaction of ‘treatment’ over ‘time’. The analysis indicates that the factor that most influenced the growth and physiological response of each variety was ‘time’, whilst ‘treatment’ was only significant in predicting the dead leaves in the N31 cultivar. The ‘chamber’ effect influenced the variation in leaf length, leaf width and stalk height in the N31 variety, whilst affecting stalk height in the NCo376 variety. The ‘pot’ level also explains some amount of variation in the growth variables, particularly in ‘tillers’ for both cultivars. However, neither the ‘chamber’ nor ‘pot’ level contributed significantly to variations in stomatal conductance and chl content. As given by the residuals in the statistical analysis (statistical variation that could not be accounted for), over 80% of the variation was unexplained in the stomatal conductance and chl content data. For chl a fluorescence, the ‘treatment’ effect was significant for NCo376, with increased O3 exposure decreasing the Fv/Fm ratio whilst elevated CO2 increased Fv/Fm. A reduction in the Fv/Fm values indicate damage to the PSII II photosynthetic machinery.

The mixed model in terms of stalk height and tillers fits very well (about 70–80% of the variation in stalk height and tillers are explained by ‘chamber’ and ‘pot’ within the chambers). These variables could potentially be used as predictors in mixed models and are important factors related to sugarcane yield. For the sugarcane industry, a 15% reduction in stalk height could translate to a significant amount in terms of yield and profitability loss of the crop. In terms of tillers, multiple studies have shown that elevated CO2 levels stimulates tillering in crops42-44, which, in turn, provides the crop with a suitable number of stalks and forms the foundation of a good crop.45 The specific time at which the tillers are produced is also of importance as observed in rice plants with more tillers at the early stage usually indicating they are on a healthy developmental path towards higher yield.42

Although the HLM approach has benefits, there are also some disadvantages especially when dealing with small sample sizes. With a limited number of chambers, a choice must be made either to reproduce conditions in multiple chambers or produce more data points by varying conditions in each chamber. In this case, reproducing the conditions in multiple chambers resulted in too few data points to produce a dose-response function. If non-linear responses are expected gradient experimental designs are especially important to consider.46 Another limitation to this study is that biomass yield and cane quality measurements of the O3-treated sugarcane cultivars were not undertaken at the end of season although various articles highlight crop yield and quality affected by O3 exposure. Yield loss due to surface O3 is a major concern for developing countries such as South Africa and holds direct relevance for future local sugarcane production.

We piloted an in-field measurement approach on local sugarcane cultivars and, based on what we learned, can make recommendations to optimise the research protocol in a larger study as follows: (1) reduce the number of pots in each chamber to ensure they all receive solar radiation; (2) increase the number of chambers per treatment to make the results more robust; (3) improve the irrigation system to remove water stress as a factor and (4) measure additional yield and quality (e.g. sugar content) variables to assess productivity.

Conclusions

In this pilot trial, we set out to investigate whether O3 air pollution has adverse effects on selected growth and physiological parameters in sugarcane. At the same time, the direct benefits of elevated CO2 concentration was investigated to determine whether elevated CO2 levels could offset the deleterious effects of O3 damage. Preliminary indications are that the two cultivars of sugarcane are less sensitive to O3 than other crops such as rice, wheat and potato. When the data were analysed statistically, O3 had limited effects on growth and physiology parameters in sugarcane, although a significant decrease in dead leaves and a small decrease in chl fluorescence were detected in both cultivars. Elevated CO2 concentrations did not significantly ameliorate the negative effects of O3 for sugarcane. Notwithstanding, with the threat of other aspects of climate change such as multi-year droughts in semi-arid regions such as South Africa, future studies should evaluate the effect of elevated O3 on sugarcane in different water regimes. In addition, future investigations should focus on obtaining more data points for producing O3 dose-response functions and critical levels for sugarcane that can be used as a policy tool to improve air quality and vegetation health in the region. The relevance of this study can also be further enhanced by combining the interaction between current O3 levels and other climate stressors, notably drought, in the derivation of sugarcane O3 dose-response functions. This can guide the development of agricultural practice and cultivar selection to reduce the production risk posed by rising O3 pollution and climate change.

A novel contribution in this paper was the motivation for mixed models to be used in dose-response chamber studies as a reliable statistical tool. The traditional repeated-measures analysis of variance does not take into account the effect of the chambers, so this piece of information in the data is lost. HLM is recommended as a more suitable method to analyse repeated-measures data as it accounts for variability between chamber and pots, a challenge when working with plants. This study used HLM analysis to account for variance introduced by these unobserved random effects, in addition to the fixed effects of treatment, time and interaction between treatment and time.
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1/2


Rainfall and temperature are key climatic indicators essential for monitoring climate variability and change. Understanding long-term trends in these parameters is crucial for evidence-based policy formulation, particularly in vulnerable regions. We examined rainfall and temperature trends in Eswatini over a 40-year period (1981–2020) using meteorological data from five physiographic regions. Trends in monthly, seasonal and annual rainfall, alongside minimum and maximum temperatures, were analysed using the Mann–Kendall test and Sen’s slope estimator. The results reveal high interannual variability and shifting seasonal precipitation patterns, with an overall decline in annual rainfall. Statistically significant declines were noted in June and October, especially in the Lowveld and Highveld regions, whereas certain summer months (December to February) recorded increasing rainfall trends at some stations. Temperature analysis indicated significant warming trends in maximum temperature at four stations (Big Bend, Mbabane, Malkerns and Nhlangano), with increases in minimum temperature most evident in Mbabane and Big Bend. A cooling trend was observed at Mhlume in the Western Lowveld, highlighting geographic temperature variability. These findings align with regional studies that have reported increased climate variability across southern Africa. The results emphasise the urgency of implementing adaptive strategies, including improved water resource management and the development of early warning systems. This research provides a foundation for informed climate policy interventions in Eswatini.

Significance:

This study provides a detailed assessment of long-term rainfall and temperature trends in Eswatini based on meteorological station data from 1981 to 2020. The findings show a general decline in rainfall and rising temperatures, with important seasonal and geographical differences across the country’s physiographic regions. These changes have implications for water availability, ecological function and the vulnerability of climate-sensitive ecosystems. By linking observed trends to broader regional patterns and known climate drivers such as the El Niño-Southern Oscillation, the study offers a baseline for national climate planning and contributes to a better understanding of climate variability in southern Africa.






Introduction

Rainfall and temperature are fundamental climatic variables that serve as primary indicators of climate variability and long-term change. Globally, numerous studies have documented significant shifts in these parameters, with implications for ecosystem functioning, agricultural productivity and human well-being.1,2 Increasing climatic variability has heightened concerns regarding the vulnerability of small countries like the Kingdom of Eswatini, a landlocked nation whose diverse ecosystems are highly sensitive to shifts in rainfall and temperature.3,4 Despite its modest size, Eswatini faces severe and recurring climate-related challenges, including prolonged dry spells, erratic rainfall and rising temperatures.5,6 These trends have contributed to water scarcity and increased ecological and social vulnerability.4,6 In 2021, for example, Cyclone Eloise triggered devastating flooding that displaced thousands and damaged critical infrastructure, highlighting the country’s exposure to extreme weather events.7

Regional climate model evaluations (e.g. the Coordinated Regional Climate Downscaling Experiment Africa regional climate models) demonstrate skill in reproducing rainfall variability, providing a foundation for understanding how combined warming and rainfall reduction may exacerbate drought severity in arid and semi-arid regions across southern Africa.8 Historical temperature data from Eswatini between 1961 and 2020 show a warming trend, particularly in daily minimum temperatures (Tmin), which is consistent with broader regional patterns.3,9 Rainfall trends, however, remain more complex and spatially heterogeneous, with studies reporting changes in the timing, intensity and duration of rainfall events, including delayed onset of the rainy season and increased frequency of intra-seasonal dry spells.10 These rainfall fluctuations are influenced in part by large-scale climate drivers such as the El Niño-Southern Oscillation (ENSO), which has been linked to major drought events in Eswatini, including those between 1991–1992 and 2015–2016.11

Physiographic regions in Eswatini experience different levels of climatic variability. The Lowveld is characterised by high rainfall variability (up to 34%), whereas the Highveld and Middleveld record slightly lower but still significant interannual fluctuations of 25% and 23%, respectively.12 These fluctuations affect water resources and hydrologically sensitive ecosystems, especially in rural areas where reliable rainfall supports livelihoods and ecological stability. For example, some wetlands can be highly sensitive to variability in precipitation. Changes in rainfall timing and intensity can disrupt their hydrological balance, with consequences for vegetation composition, soil development and the ecosystems they provide.13-15

Given these dynamics, characterising long-term trends in rainfall and temperature is essential for formulating evidence-based climate adaptation and mitigation strategies. Although several national and regional reports have highlighted climate risks in Eswatini, there is limited empirical analysis that systematically evaluates historical rainfall and temperature trends across physiographic regions. In this study, therefore, we aimed to analyse trends in monthly, seasonal and annual rainfall and temperature between 1981 and 2020, using meteorological station-level observations and robust statistical methods. The results offer insights into spatial and temporal patterns of climate change in Eswatini and inform policy responses in water management, ecosystem resilience and disaster risk reduction. Although the analysis does not explicitly examine the influence of the ENSO, the observed trends are interpreted in the context of known regional climate drivers, including ENSO-linked drought years.

Study area

The study was conducted in Eswatini, located in southern Africa between latitudes 25°43ʹS and 27°19ʹS and longitudes 31°47ʹE and 32°08ʹE.16 The country is landlocked by the Republic of South Africa and Mozambique (Figure 1) and covers a total land surface area of 17 360 km2.17 Eswatini is characterised by a subtropical climate with cold, dry winters and warm, wet summers.5,9 As such, most of the precipitation, approximately 75–83%, falls between October and March.18
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Figure 1: The six physiographic regions of Eswatini and the locations of meteorological stations. Siteki (Lubombo Plateau) is shown but was excluded from the analysis due to data quality issues. The inset map indicates the location of Eswatini within southern Africa.



The country is divided into six distinct physiographic regions based on elevation, terrain, climate, geology and soil: the Highveld (33%), Upper Middleveld (14%), Lower Middleveld (14%), Western Lowveld (20%), Eastern Lowveld (11%) and Lubombo Plateau (8%).19,20 These regions range from cool and mountainous areas in the Highveld to hot and dry areas in the Lowveld. The Highveld, situated at the highest elevations, receives between 850 mm and 1500 mm of rainfall annually and has a mean temperature of approximately 17 °C. The Middleveld experiences intermediate conditions, with rainfall ranging from 650 mm to 1000 mm and mean temperatures of 20–21 °C. The Lowveld, which occupies the lowest elevations, is the driest and warmest region, receiving between 550 mm and 725 mm of rainfall and recording average temperatures of around 22 °C. The Lubombo Plateau, a narrow upland area along the eastern border, receives between 700 mm and 825 mm of rainfall annually, with a mean temperature of approximately 19 °C.19-21

Materials and methods

Rainfall and temperature data

Rainfall and temperature data were obtained from the Eswatini Meteorological Service. Monthly rainfall records were available for 14 stations across the six physiographic regions for the full period (1981–2020). However, due to gaps and missing values, temperature data (minimum temperature [Tmin] and maximum temperature [Tmax]) were limited in temporal coverage, with usable records available for only eight stations. Tmin and Tmax values refer to the average monthly minimum and maximum temperatures, rather than absolute extremes, thereby reducing the influence of outliers on trend estimation. For four stations, complete temperature records only began in 2000, constraining the temperature trend analysis to the 2000–2020 period for those sites. To ensure data reliability, only stations with at least a data completeness of 90% were included in the analysis (Table 1). Data completeness was assessed at a monthly level, such that stations were retained only if at least 90% of monthly observations within the analysis period contained valid records. Although this approach may limit representativeness, care was taken to ensure that most physiographic regions were reflected in the final data set. In addition, the annual series was visually inspected and checked for the persistence of repeated values. One rainfall station (Siteki, located in the Lubombo Plateau) contained an extended block of near-identical annual totals, which is implausible for the region and indicates a non-climatic artefact. Because this span dominated the record and could not be reliably corrected, Siteki was excluded from the analysis. Consequently, no rainfall or temperature station data were available for the Lubombo Plateau.



Table 1:Summary of meteorological stations used in the study, including geographic location, physiographic region and data availability for rainfall and temperature (1981–2020). Only stations with a data completeness of ≥90% were included.



	Physiographic region
	Station
	Latitude (S)
	Longitude (E)
	Parameters analysed
	Temperature data available (years)

	Highveld
	Mankayane
	−26.6753
	31.0553
	R
	–

	Mbabane
	−26.3171
	31.1335
	R and T
	1981–2020

	Pigg’s Peak
	−25.8266
	31.4267
	R and T
	2000–2020

	Nhlangano
	−27.1277
	31.2012
	R and T
	2000–2020

	Upper Middleveld
	Khubutha
	−26.8667
	31.4833
	R
	–

	Malkerns
	−26.5567
	31.8783
	R and T
	2000–2020

	Matsapha
	−26.5332
	31.3018
	R and T
	2000–2020

	Lower Middleveld
	Mpisi
	−26.4322
	31.5313
	R
	–

	Western Lowveld
	Mananga
	−26.0005
	31.7533
	R and T
	1981–2020

	Mhlume
	−26.0333
	31.1550
	R and T
	1981–2020

	Siphofaneni
	−26.6733
	31.6833
	R
	–

	Sithobelweni
	−26.8865
	31.6257
	R
	–

	Eastern Lowveld
	Big Bend
	−26.8517
	31.8763
	R and T
	1981–2020




R, rainfall data available; T, temperature data available

Rainfall records span the full study period (1981–2020); temperature data availability varies by station.





Data analysis

The analysis categorised each year into two hydrological seasons: the dry, cool season (April to September) and the wet, warm season (October to March). To detect trends in rainfall and temperature over time, two non-parametric statistical tests were applied: the Mann–Kendall trend test and Sen’s slope estimator, using XLSTAT (2021), version 2.2.1141. These non-parametric methods were selected due to their robustness against non-normal distributions, which are common in climate data.22 They are also well-suited for time-series analysis because they are relatively insensitive to outliers.23,24

The Mann–Kendall test25,26 is commonly used in the trend detection of variables in the fields of meteorology and hydrology.27 However, it gives the direction of the trend but not the magnitude of the trend. The Mann–Kendall test statistic S is calculated using the following formula:

S=∑i=1n-1∑j=i+1nsgn(xj−xi),Equation 1

where n is the total number of data points; xi and xj are the data values in the time series i and j, respectively ( j > i); and sgn(xj − xi) is the sign function, which is computed as follows:

sgn(xj − xi)={+1, if xj − xi >0; 0, if xj − xi =0;−1, if xj − xi <0}.Equation 2

The variance is computed as

Var(S) = n(n − 1)(2n+5) − ∑i=1nti(ti − 1) (2ti+5)18,Equation 3

where n is the number of data points, that is, the number of tied groups, and ti refers to the number of data points in the ith group (with zero difference between compared values) to the extent i.

The values of S and Var(S) are used to compute the test statistic Zs as follows:

Zs={S−1Var(S), if S>0; 0, if S=0; S+1Var(S), if S< 0}.Equation 4

The presence of a statistically significant trend is evaluated using the Zs value. A positive value of Zs indicates an upward trend whilst its negative value indicates a downward trend. In this study, a 95% confidence level was used to detect statistically significant trends, although lower percentages were used to see whether the correlation was significant.

To determine the magnitude of the rate of change of the trend, Sen’s slope estimator was employed.28 Sen’s slope is first computed for N pairs of data as follows:

Qi = xj − xkj−k for i =1,…, NEquation 5

where xj and xj are data values at times j and k ( j > k), respectively.

If there is only one datum in each period, then N = n(n-1)2, where n  is the number of periods. If there are multiple observations in one or more time periods, then  N < n(n-1)2, where n  is the total number of data points.

The median of the N values of Qi is Sen’s slope estimator of the slope of the best-fit line and is calculated as follows:

β =Median=(xj − xkj − k), j>kEquation 6

where β is Sen’s slope estimator of the rate of change. β < 0 indicates a downward trend in the given time period, whereas β > 0 points towards an upward trend in the time series. For this study, trends were considered significant at a 95% confidence level.

The coefficient of variation (CV) was used to assess the interannual variability of rainfall. Following Hare29, CV values were classified as follows: <20% (low variability), 20–30% (moderate), 30–40% (high), 40–70% (very high) and >70% (extremely high).

Results

Overview of national-scale rainfall and temperature patterns

Figure 2 shows national-scale patterns in annual rainfall and Tmin and Tmax, based on spatially averaged values from all the meteorological stations used in the study. The analysis of long-term climatic data from 1981 to 2020 revealed a modest but consistent decreasing trend of the mean annual rainfall in Eswatini (R2 = 0.0456), indicating high interannual variability and the limited explanatory power of the linear model (Figure 2A). Rainfall values fluctuated from year to year, with pronounced maxima. The highest total annual rainfall was recorded in 2000 at 1281.6 mm, followed by 1984 with 1215.6 mm. In contrast, the lowest totals occurred in 2015 and 1982, with 499 mm and 575.5 mm, respectively. Notably, some of the driest years, such as 1982 and 2015, coincide with strong El Niño events, whereas years of high rainfall, such as 2000, are associated with regional flood events.5,6 Temperature records from 2000 to 2020 indicated a general warming trend, with Tmax increasing at a steeper rate than Tmin (Figures 2B and 2C). The lowest average Tmin values (14 °C) were recorded in 2000 and 2018, whereas the highest (17 °C) occurred in 2020. For Tmax, the lowest average (24.8 °C) was recorded in 2000, with the highest (27.7 °C) also occurring in 2020. These trends suggest a decline in cooler days and an increase in heat extremes. Linear regression results indicated positive slopes of 0.028 °C per year for Tmin and 0.054 °C per year for Tmax, with R2 values of 0.0732 and 0.2025, respectively. Although only 20% of Tmax variability is explained by the model, the consistent upward trends suggest increasing thermal stress and a reduction in cooler days. The inconsistency in trends across stations contributed to low statistical significance, reflecting the diverse climatic regimes across the country’s physiographic regions.

[image: 21336Ndlela_fig2]

Figure 2: Temporal variation in (A) mean annual rainfall (1981–2020), (B) mean annual minimum temperature (Tmin) (2000–2020) and (C) mean annual maximum temperature (Tmax) (2000–2020).



Rainfall patterns across physiographic regions

Analysis of annual rainfall across Eswatini, based on the statistics presented in Table 2, revealed geographical and temporal variability. Stations located in the Highveld, particularly Mbabane and Pigg’s Peak, recorded the highest mean annual rainfall of 1416 mm and 1149 mm, respectively. In contrast, Big Bend in the Eastern Lowveld exhibited the lowest average annual rainfall at 550 mm (Table 2). Seasonal patterns followed expected trends, with the wet season (October to March) accounting for approximately 75% of total annual rainfall. Wet season totals ranged from 450 mm to 1173 mm, whereas dry season (April to September) totals ranged from 100 mm to 356 mm. The national long-term average annual rainfall between 1981 and 2020 was calculated to be 827.6 mm. Rainfall variability, expressed as the CV, was consistently higher during the dry season. Dry season CVs ranged from 38% to 97%, with the highest values at Khubutha (97%) and Mpisi (95%). Wet season CVs were lower, ranging from 21% to 46%, indicating more stable but still variable rainfall during the main rainfall period. Annual CVs were relatively high at several stations in the Lowveld, where they ranged from 29% to 35%, whereas Mbabane, located in the Highveld recorded the lowest interannual variability (CV < 20%).



Table 2:Summary of rainfall statistics for 13 meteorological stations in Eswatini (1981–2020), showing mean, standard deviation (SD) and coefficient of variation (CV) for the dry season (April–September), wet season (October–March) and annual totals



	Station
	Dry season (April–September)
	Wet season (October–March)
	Annual

	Mean (mm)
	SD (mm)
	CV (%)
	Mean (mm)
	SD (mm)
	CV (%)
	Mean (mm)
	SD (mm)
	CV (%)

	Big Bend
	100.13
	71.29
	71
	449.96
	146.80
	33
	550.1
	181.6
	33.0

	Khubutha
	316.34
	308.24
	97
	515.83
	236.38
	46
	832.2
	255.0
	30.6

	Malkerns
	145.72
	56.88
	39
	797.74
	215.52
	27
	938.7
	219.9
	23.4

	Mananga
	110.96
	49.38
	45
	567.19
	199.30
	35
	678.1
	208.1
	30.7

	Mankayane
	129.55
	49.53
	38
	686.06
	190.39
	28
	815.6
	198.9
	24.4

	Matsapha
	133.72
	63.83
	48
	694.42
	186.58
	27
	833.3
	207.8
	24.9

	Mbabane
	243.18
	99.46
	41
	1173.19
	243.01
	21
	1416.4
	275.3
	19.4

	Mhlume
	123.07
	55.18
	45
	555.56
	198.10
	36
	678.6
	218.4
	32.2

	Mpisi
	204.77
	194.86
	95
	490.21
	204.85
	42
	695.0
	245.9
	35.4

	Nhlangano
	140.71
	72.75
	52
	656.07
	180.18
	27
	796.8
	212.2
	26.6

	Pigg’s Peak
	355.85
	225.75
	63
	792.93
	251.81
	32
	1148.8
	306.7
	26.7

	Siphofaneni
	111.16
	63.44
	57
	528.70
	207.04
	39
	639.9
	222.7
	34.8

	Sithobelweni
	126.23
	60.26
	48
	484.65
	164.89
	34
	610.9
	181.2
	29.7





Supplementary figure 1 shows the annual rainfall trends for the 13 meteorological stations across Eswatini from 1981 to 2020. Year-to-year fluctuations were evident, with 2000 recorded as the wettest year (1282 mm) and 2015 as the driest (499 mm), both aligning with recorded regional episodes. Declining linear trends in annual rainfall at 12 of the 13 stations were also observed (Supplementary figure 1). The steepest declines were observed at stations such as Mhlume, Khubutha and Matsapha. However, low R2 values (typically <0.1) suggest that these trends are weakly linear and probably moderated by strong interannual variability. This high variability may reflect the influence of large-scale atmospheric processes and episodic events, such as droughts and tropical storms. Stations in the Eastern Lowveld (Big Bend) and the Western Lowveld (Sithobelweni) displayed relatively stable rainfall with minimal trend direction, highlighting the heterogeneity of climate variability across the physiographic regions.

Temperature patterns across physiographic regions

Table 3 lists the statistical summaries of Tmin and Tmax, including mean values, standard deviations and CVs. Highveld stations (Mbabane, Nhlangano and Pigg’s Peak) recorded the lowest average temperatures, consistent with their elevation and cooler climate. Interannual variability in temperature was relatively low, with CVs for Tmin ranging from 2.4% to 13.0% and those for Tmax ranging from 2.7% to 6.8%. The highest variability in Tmin occurred at Big Bend during the dry season, whereas Tmax variability remained uniformly low across all stations.



Table 3:Summary of minimum (Tmin) and maximum (Tmax) statistics for eight meteorological stations in Eswatini, showing mean, standard deviation (SD) and coefficient of variation (CV) for the dry season (April–September), wet season (October–March) and annual totals



	Parameter
	Station
	Dry season (April–September)
	Wet season (October–March)
	Annual

	Mean (°C)
	SD (°C)
	CV (%)
	Mean (°C)
	SD (°C)
	CV (%)
	Mean (°C)
	SD (°C)
	CV (%)

	Tmin
	Big Bend
	11.4
	1.48
	12.98
	19.35
	0.79
	4.06
	15.4
	1.3
	8.45

	Malkerns
	11.22
	0.62
	5.54
	17.07
	0.41
	2.39
	14.12
	0.45
	3.2

	Mananga
	13.15
	0.67
	5.1
	19.41
	0.48
	2.48
	16.28
	0.49
	2.98

	Matsapha
	12.32
	0.66
	5.36
	18.02
	0.66
	3.67
	15.16
	0.68
	4.48

	Mbabane
	9.76
	1.07
	11.01
	14.83
	0.66
	4.46
	12.27
	0.79
	6.41

	Mhlume
	12.84
	0.78
	6.09
	19.05
	0.6
	3.16
	15.96
	0.58
	3.63

	Nhlangano
	9.99
	0.64
	6.38
	14.9
	0.71
	4.73
	12.42
	0.57
	4.59

	Pigg’s Peak
	11.89
	1.03
	8.66
	15.43
	0.93
	6.03
	13.68
	0.95
	6.93

	Tmax
	Big Bend
	27.66
	1.18
	4.27
	31.02
	1.49
	4.8
	29.38
	1.48
	5.05

	Malkerns
	24.55
	0.95
	3.86
	26.87
	0.95
	3.54
	25.72
	0.85
	3.29

	Mananga
	26.68
	0.97
	3.62
	30.06
	0.83
	2.77
	28.37
	0.77
	2.71

	Matsapha
	24.73
	0.73
	2.96
	27.53
	1
	3.62
	26.2
	0.73
	2.79

	Mbabane
	21.27
	0.98
	4.61
	24.36
	0.72
	2.95
	22.79
	0.71
	3.1

	Mhlume
	26.14
	0.88
	3.35
	29.62
	1.04
	3.52
	27.89
	0.86
	3.08

	Nhlangano
	21.98
	1.49
	6.78
	25.09
	1.06
	4.23
	23.65
	1.09
	4.59

	Pigg’s Peak
	21.5
	1.25
	5.82
	24.29
	1.08
	4.43
	22.91
	0.97
	4.22





Annual temperature trends across Eswatini showed heterogeneity across physiographic regions and over time. Of the eight stations with sufficient data, only four (Big Bend, Mananga, Mbabane and Mhlume) had continuous temperature records extending back to 1981 (Supplementary figure 2). Among these stations, Big Bend, Mananga and Mbabane showed gradual increases in both Tmin and Tmax, with Mbabane showing the strongest warming trend in mean temperature (R2 = 0.48). In contrast, Mhlume in the Western Lowveld showed a decreasing trend in Tmax over the full period, with a negative slope (y = −0.056x) and relatively strong model fit (R2 = 0.75), suggesting a localised cooling pattern. For the remaining four stations (Malkerns, Matsapha, Nhlangano and Pigg’s Peak), temperature data were available from 2000 to 2020 (Supplementary figure 2). During this shorter period, all stations except Pigg’s Peak recorded increasing trends in both Tmin and Tmax. Malkerns and Nhlangano displayed relatively strong increases in mean temperature, with R2 values of 0.46 and 0.19, respectively. Nhlangano recorded the lowest Tmin (11.4 °C) in 2000, whereas Matsapha registered the highest Tmax (27.8 °C) in 2008. Pigg’s Peak, located in the cooler Highveld region, showed a slight cooling trend in both parameters, although the R2 values were low, suggesting a weak and potentially localised signal.

Trend analysis of rainfall and temperature

Monthly, seasonal and annual rainfall trends

Rainfall trend analysis was conducted at monthly, seasonal and annual scales using the Mann–Kendall (Z-value) test and Sen’s slope estimator. The Mann–Kendall results for monthly, seasonal and annual rainfall are presented in Supplementary table 1, whereas the corresponding Sen’s slope estimates are provided in Supplementary table 2. Positive Z and slope values indicate increasing trends, whereas negative values reflect decreasing trends. Sen’s slope estimator quantifies the rate of change in millimetres per year, offering insight into the magnitude of observed changes. At the monthly time scale, rainfall trends varied by season. Summer months, particularly January, February and December, showed positive Z-values at most stations. December showed increasing trends at 80% of stations, with a statistically significant rise observed at Khubutha. In contrast, October showed widespread declines, with 12 of 13 stations showing negative Z-values. Significant reductions were noted at Matsapha and Mbabane, suggesting a shift in the onset of the rainy season. Similarly, declining trends in April were observed at Malkerns, Mbabane and Nhlangano, whereas June recorded statistically significant decreases at Big Bend, Mpisi and Sithobelweni.

No statistically significant trends were observed at the seasonal time scale, although 12 stations showed negative Z-values for dry season rainfall, indicating a general tendency towards reduced winter rainfall. Malkerns and Siphofaneni were the only stations with positive, but non-significant, trends during the dry season. For the wet season, nine stations (primarily in the Highveld) recorded decreasing rainfall trends, whereas the remaining five exhibited increasing trends, further highlighting the geographical heterogeneity of rainfall patterns. At the annual time scale, most stations recorded non-significant declines in total rainfall from 1981 to 2020. Only Malkerns and Sithobelweni displayed slight positive trends, but these were not statistically significant.

Monthly, seasonal and annual temperature trends

Tmin and Tmax trends were also assessed using the Mann–Kendall and Sen’s slope tests across monthly, seasonal and annual scales. The Mann–Kendall and Sen’s slope results for Tmin are presented in Supplementary tables 3 and 4, respectively, whereas those for Tmax are provided in Supplementary tables 5 and 6. The analysis revealed geographically variable trends, particularly for Tmin, whereas Tmax showed more consistent increases across stations. In the Highveld, Mbabane exhibited consistent monthly increases in Tmin, with statistically significant trends observed in multiple months. In contrast, Nhlangano, also in the Highveld, showed decreasing Tmin trends between January and March, suggesting localised differences despite geographic proximity. For Tmax, both Mbabane and Nhlangano recorded statistically significant warming trends from June to September, indicating pronounced warming during the dry season. In the Lowveld, Big Bend displayed warming trends in Tmin during February, March and April, whereas Tmax showed moderate increases across the year. Mhlume, however, presented a contrasting pattern, with statistically significant declines in Tmax during January, March and April, indicating potential local cooling effects. The month of June showed the most consistent warming trend, with multiple stations across different physiographic regions recording significant increases in both Tmin and Tmax. These mid-winter changes may reflect broader shifts in baseline temperatures during the cooler season.

At the seasonal time scale, Mbabane showed statistically significant warming in Tmin during both the dry and wet seasons. Big Bend recorded dry season warming in Tmin, whereas Nhlangano showed a decline during the wet season. For Tmax, the dry season was the period with the strongest warming trends, with significant increases recorded at several stations, including Mbabane, Malkerns and Nhlangano. Annual trends in Tmin showed statistically significant increases at Mbabane and Big Bend. For Tmax, four stations (Big Bend, Mbabane, Malkerns and Nhlangano) recorded significant warming trends. Mhlume was the only station to exhibit a statistically significant annual decline in Tmax. The geographic distribution of stations with significant warming (across the Highveld, Middleveld and Lowveld) points to the widespread nature of the observed temperature increases, even if the magnitude and timing vary locally.

Discussion

Understanding climate variability in Eswatini is critical for designing context-specific adaptation strategies, especially for a country characterised by diverse physiographic regions and limited resilience to climate extremes. This study analysed rainfall and temperature trends across five physiographic regions in Eswatini using monthly, seasonal and annual data from 1981 to 2020 and 2000 to 2020. The results revealed significant differences among stations and over time in both variables, emphasising the significance of localised climate planning and sustainable land management.

The analysis showed a general decline in annual rainfall across Eswatini, although the trend was not spatially uniform. Approximately 85% of the stations recorded decreasing rainfall during the study period, with pro-nounced declines in the key transitional months such as October and June. October, which traditionally marks the onset of the rainy season, exhibits delayed and reduced rainfall at multiple stations, suggesting a shift in the onset to November or even December. This pattern is consistent with the findings of Roffe et al.30, who identified later and more concentrated rainfall seasons across southern Africa, as well as Kruger and Nxumalo31, who reported increased intra-seasonal dry spells in the region. Although some stations recorded increased rainfall during peak summer months (December to February), these trends were localised and not statistically significant. Interannual variability was also evident, with the driest years (such as 2015) corresponding to strong El Niño events. The ENSO exerts a major influence on the rainfall patterns by suppressing early summer rainfall and shortening the wet season.32,33 Studies in Eswatini have shown that El Niño episodes are often linked to delayed rainfall onset and prolonged dry spells, particularly in the early stages of the rainy season.34 These ENSO-related disruptions to rainfall timing have direct implications for water resources and rainfall-dependent ecosystems.

In the southern African region, rainfall declines have been attributed to reductions in the number of rainfall days, rather than rainfall intensity.35,36 Similarly, although some areas in northern South Africa have shown increasing rainfall trends, these have generally not reached statistical significance.31 At a global scale, trends in annual precipitation remain mixed, with increases in some regions and decreases in others, reflecting the complexity of climate system responses.37 The spatially variable trends observed in Eswatini may similarly reflect the influence of large-scale atmospheric circulation patterns, which drive interannual rainfall variability. These broader-scale drivers likely interact with Eswatini’s elevation-driven microclimates, producing highly localised and heterogeneous rainfall responses across physiographic regions.

Rainfall variability was most pronounced during the dry season, particularly in the Lowveld and Middleveld, where CVs exceeded 70% at certain stations. These areas, characterised by lower elevation, high evapotranspiration and minimal influence from terrain-driven rainfall, are more susceptible to frequent and severe droughts. This observation aligns with that of Mlenga and Jordaan34, who used the Standard Precipitation Index to identify the Lowveld and Middleveld as the most drought-prone regions in Eswatini, predominantly during the 2015–2016 El Niño-linked drought. In contrast, although the Highveld receives more rainfall due to its elevation and cooler conditions, this region also showed signs of delayed seasonal onset, potentially increasing exposure to mid-season dry spells. The wet season exhibited more moderate variability overall, but its reliability has declined in recent decades. These findings highlight the importance of investing in drought preparedness strategies, which are priorities also highlighted in Eswatini’s Initial Adaptation Communication to the United Nations Framework Convention on Climate Change.3 Historically, the wettest year was 2000 and the driest was 2015, both of which were associated with major regional hydroclimatic anomalies. Notable flood events were recorded in 1984 and 2000, whereas severe droughts occurred in 1982, 1992, 2002, 2003 and 201534,38, many of which are linked to ENSO phases.

Furthermore, temperature trends provide evidence of intensifying climate variability across Eswatini. Although differences across physiographic regions exist, a consistent warming trend, mostly in Tmax, was observed. Statistically significant increases in Tmax were recorded at stations located in the Highveld (Mbabane, Nhlangano), Middleveld (Malkerns) and Eastern Lowveld (Big Bend). These findings are consistent with regional climate projections, indicating that the interior of southern Africa is warming at approximately twice the global average, particularly under low mitigation scenarios.39,40 These findings also align with the observed warming trends in the elevated regions of South Africa.30,41 Importantly, although the Highveld has historically maintained cooler temperatures, it is now experiencing statistically significant increases in both Tmin and Tmax, suggesting a significant warming trend. These trends reflect a broader pattern of increasing heat extremes that have been documented across the region, including a rise in the frequency and duration of heat waves and hot days.42 Conversely, Mhlume in the Western Lowveld exhibited a cooling trend, reflecting the geographic heterogeneity of temperature dynamics. This anomaly may be linked to local factors such as land-use change, vegetation cover or microclimatic effects associated with altitude and proximity to water bodies.

The geographic patterns of warming are particularly relevant for Eswatini’s vulnerability profile.3,6 The Lowveld, already the hottest and driest region, continues to record the highest Tmax values and is experiencing an increase in heat extremes. These trends have critical implications for vulnerable ecosystems such as wetlands, for agricultural productivity and for water availability, especially in rural areas where adaptive capacity remains limited. Rising temperatures also elevate evapotranspiration rates, further reducing soil moisture and surface water availability and compounding the impacts of declining rainfall. These findings are supported by broader regional studies that document a rise in mean temperatures, along with more frequent and intense heatwaves and drought events across southern Africa.40,42,43 The climate trends observed in Eswatini are consistent with a wider regional shift towards greater climate variability and compound extremes. Southern Africa is recognised as a global climate-change hotspot, with warming occurring at twice the global average. In this context, Eswatini’s Initial Adaptation Communication to the United Nations Framework Convention on Climate Change identifies agriculture, water and biodiversity as key sectors at risk, mainly in physiographic regions such as the Lowveld and Middleveld.3 This study contributes new empirical evidence from a relatively underrepresented region and highlights the urgent need for downscaled climate assessments. It also demonstrates how physiographic diversity and climate drivers, such as the ENSO, interact to create distinct vulnerability profiles across the landscapes in Eswatini.

Limitations of the study

Even though this study provides an empirical assessment of long-term climate trends across Eswatini’s physiographic regions, it is not without limitations. One key constraint is the incomplete temperature data set, with several stations only having usable records between 2000 and 2020. This shortened time limits the ability to detect longer-term warming trends or to make direct comparisons with the full 1981–2020 rainfall record. In addition, although rainfall data were available from more stations, only those with at least 90% data completeness were included. Importantly, the Lubombo Plateau had no rainfall or temperature station data after quality control was carried out, leaving this physiographic region unrepresented in the analysis. This absence reduces spatial coverage and limits the generalisability of national results. Future work should recover/validate historical data (e.g. from Siteki) or establish independent gauges to improve coverage in the Lubombo Plateau. Furthermore, the Mann–Kendall test, although widely used, can be sensitive to short-term fluctuations and may not fully capture nonlinear or episodic patterns. Finally, the low R2 values in many of the rainfall trend regressions reflect high interannual variability, which can obscure long-term trends. These limitations highlight the importance of expanding and maintaining consistent meteorological monitoring to improve the robustness of future climate analyses.

Conclusion

We examined rainfall and temperature trends across Eswatini from 1981 to 2020, using data from meteorological stations spanning five physiographic regions. The results reveal a general decline in annual rainfall, accompanied by shifts in monthly and seasonal distributions. Statistically significant reductions were observed in June and October – months critical for water availability – suggesting a delayed onset of the rainy season and a reconfiguration of intra-seasonal rainfall patterns. Although some summer months show localised increases in rainfall, these increases are not statistically significant. Rainfall variability is particularly high during the dry season, which could heighten drought risk and reduce the reliability of rain-dependent ecosystems. Temperature analysis indicates a warming trend, especially in Tmax, across most physiographic regions. Notably, significant increases were recorded in both the Highveld and Lowveld, highlighting the spatial extent of warming. However, localised cooling at Mhlume reflects the potential influence of land-use dynamics, topography and microclimates. The combination of declining rainfall, rising temperatures and increased climatic variability highlights the urgency of implementing targeted adaptation strategies in Eswatini. Key priorities include improved water resource management and watershed protection, strengthening of early warning systems and climate services to better anticipate extreme events, sustained investment in long-term climate monitoring to address data gaps, and integration of climate risk into land-use planning, particularly in vulnerable regions.
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Small-scale embedded solar (SSES) is already widespread in South Africa, driven by declining photovoltaic (PV) costs, rising electricity tariffs and grid instability. Nevertheless, the further expansion of SSES is constrained by its affordability and disincentives for energy trading. Real-time data from a 6.5 kWp PV with an 8/10 kWh battery were used to evaluate the techno-economic performance of SSES, focusing on the economic rationale for bidirectional metering and prosumer integration. It is shown that the levelised cost of energy is 75% higher than the cost of grid-based electricity. An important contributor to the high cost is the extent of unused generation capacity (50%). Scenario modelling shows that if this excess energy were sold to the grid, electricity distributors would realise significant revenue gains, fully justifying their initial subsidy of the metering and certification costs. This study concludes that enabling prosumer participation through municipality-funded bidirectional metering would stimulate SSES registration and partially offset the need for future tariff increases, offering a cost-effective pathway toward a more inclusive and sustainable energy transition in South Africa.

Significance:


	•
Eskom and local authorities are foregoing a strategic opportunity to profit from low-cost SSES energy.


	•
SSES is an expensive option for homeowners; the levelised cost of energy is 75% higher than the cost of grid-based electricity.


	•
A major barrier to authorised interconnection and energy trading is the additional cost of registration and bidirectional meters.


	•
The benefit to cost ratio of interconnection for electricity distributors is 5.2:1.


	•
Eskom and municipalities should subsidise these costs to drive energy affordability and resilience.









Introduction

Despite favourable climatic conditions, the initial installation of solar photovoltaic systems in South Africa began slowly due to extensive grid connection and low-cost electricity. Nearly 90% of households have access to grid-delivered electricity1 and, historically, electricity prices have been low relative to those in other countries2.

However, small-scale embedded solar (SSES) is now widespread, with nearly 3.4 GW of installed capacity as of the end of the third quarter in 2023, of which at least 1.54 GW has been installed in the major metropolitan areas.3

The rapid uptake of SSES in South Africa has been driven by main three factors: the falling price of solar energy globally4, the rising cost of grid-based electricity5 and major instability in the national energy system resulting in frequent loadshedding and interruptions to supply6.

Many of these SSES systems are designed for winter conditions, when solar irradiation is at its lowest and the solar panel must be able to meet the daily energy demand of the household, agricultural, industrial or commercial site for which it has been designed. Under summer conditions, however, these systems are overdesigned, resulting in large amounts of excess generation capacity which cannot be used unless the system is equipped with bidirectional metering and other interconnection capabilities.

Such a facility, shown diagrammatically in Figure 1, allows the energy consumer to become a supplier and a consumer, referred to as a ‘prosumer’, implying that the owner of the SSES system can both sell electricity to the grid and purchase energy when the behind-the-meter resources are not available. Prosumer relationships are already widely used within many countries but have been slow to materialise in South Africa.
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Figure 1: Standard configuration of grid-tied small-scale embedded solar.



This article provides a brief review of the literature on SSES systems and their interconnection, and the economics of rooftop solar. I then describe the structure of the techno-economic model that was used to explore the issue of affordability and economic return to both SSES owners and electricity distributors, and how the primary data were collected, following which the results of the modelling are presented and discussed. Finally, the implications thereof for energy regulators and electricity distributors are outlined.

Literature review

Small-scale embedded solar in South Africa

SSES is a subset of small-scale embedded generation, where the latter refers to small-scale electricity generation systems connected to the grid at a residential, commercial or industrial site, typically with a capacity below 1 MW. Small-scale embedded generation may deploy a variety of energy technologies, including photovoltaics (PV), wind turbines, micro-hydro, biomass, biogas, natural gas or liquid fuels.

SSES has emerged as a major component of small-scale embedded generation, driven in South Africa by the three factors already mentioned (decreasing costs of PV, rising cost of grid-based energy and unreliable supply). Other contributing factors, in South Africa and elsewhere, include lower costs of battery storage7, greater modularity of PV components which allow systems to scale linearly8, widespread social acceptance9,10, policy incentives5,11 and the development of smart grid integration technologies12.

Estimates for the total installed capacity of PV systems in South Africa vary. The South African Photovoltaic Industry Association (SAPVIA) reports that the total capacity, including utility-scale installations, was 5.7 GWp (p refers to peak power and is the rated output of a PV panel under maximum solar irradiation) at the end of the first quarter of 2023, of which 3.4 GW is SSES.3 However, the actual number of systems and total capacity could be significantly higher due to unregistered installations.3

Costs of embedded solar

Surprisingly, as of the end of 2024, there were few published studies of the levelised cost of energy (LCOE) for SSES in South Africa, and how this compares to the cost of grid-based electricity (GBE). Klever14 reports that, for a 15 kWp grid-tied system with battery electric storage, the investment costs range from ZAR20000/kWp to ZAR29 000/kWp, and the LCOE values from ZAR1.4/kWh to ZAR1.8/kWh (all values in nominal 2018 ZAR). Klever14 also noted that the LCOE values are all higher than the GBE values, resulting in a negative net present value.

Other studies have looked at utility-scale solar, or rooftop solar systems without storage, but the values are mostly incorrectly calculated or incomparable.5,15-17 The main conclusion of the few relevant studies which have been published is that LCOE values for SSES systems which meet the minimum standards in respect of regulatory compliance and reliability, exceed the cost of GBE.14

In an attempt to stimulate investment by private consumers in energy generation, some South African municipalities offer feed-in tariffs for small-scale embedded generation.18 For instance, the City of Cape Town provides a feed-in tariff of ZAR1.173/kWh for both residential and commercial systems up to 1 MW.19 These incentives can enhance the economic viability of solar installations by providing additional revenue streams for system owners, but, more importantly, provide a low-cost source of electricity for municipalities and Eskom itself, a potential co-benefit which is further explored later in this article.

In summary, the emergence of SSES raises several important questions for all stakeholders in energy systems, including consumers, prosumers, utility companies, regulatory agencies, policymakers and governments. By its very nature, SSES leads to the weakening of publicly accessible energy infrastructure, as the systems provide localised energy generation and reduce the demand for centralised systems. Previous publications have noted that SSES challenges the market structure of electricity distribution in South Africa and have urged the development of a coherent policy that would at least attempt to allow co-benefits in the ongoing evolution of the electricity system.13,20

The goal of economic co-benefits, not previously reported in the literature, is the intent of the analysis as reported in this article. In the next section, the overall research approach, the structure of the LCOE model and the design of the experimental equipment are presented in more detail.

Research methodology

The research method for this study is based on a techno-economic modelling approach using the LCOE framework, as described in the following subsection. Techno-economic modelling is a widely applied analytical tool to investigate the feasibility of emerging technologies such as V2G.21 At its core, the methodology involves quantifying technical parameters (such as energy efficiency, conversion rates, resource inputs and system lifetimes) and translating these parameters into cashflows, investment requirements and potential returns under different scenarios using financial calculations such as internal rate of return, net present value and annual equivalence. This combination of both technical and economic analysis allows researchers and entrepreneurs to bridge the gap between purely technical assessments and abstract economic models, providing a framework that captures both engineering realities and market dynamics.

Although useful, engineering and finance are not the only considerations in understanding and negotiating or driving processes of change. Indeed, techno-economic models have been accused of being calculative agencies intent on their own replication.22 In other words, a model is not an abstract or objective reflection of the techno-economic merits of a technology – it can itself become the means through which a predetermined perspective of a novel technology is perpetuated, and any necessary socio-technical transitions are resisted.23,24 These limitations are acknowledged and respected, and, in response, the discussion of the model results concludes with a brief reference to the limitations of the economic incentives, and what else may be required to develop prosumer energy markets.

Construction of the techno-economic model

The model is based on the techno-economic method of levelised cost of energy (LCOE).25 The assumptions, steps and algorithms of LCOE have been widely reported26,27 and are not repeated in this publication, except to note the following:


	•
The cost of the capital items (panels, battery, inverter, phase controller and balance of plant) are actual values from the purchase of the system as specified in Table 3.


	•
The financial calculations are all based on real 2024 South African rands (ZAR), noting that LCOE cannot deal with inflation in the model.


	•
The (real) discount rate for the LCOE calculation is assumed at 8%; the value excludes inflation (see Park28 for a full description of the distinction between real and nominal interest rates).


	•
The levelised cost calculation as used in this study may be more accurately described as the levelised cost of delivery, because it is based on delivered energy to the site after losses associated with the inverter/battery cycle, referred to as the roundtrip inefficiency.29


	•
Operations and maintenance costs are entered at ZAR205/kw/year.30


	•
A 20-year project lifetime is used for the analysis and no allowance has been made for replacement of any of the capital items within this time period.


	•
Actual data on decreases in PV panel efficiency over their lifetime, although reported in the literature31, have not been included as no primary data are available over an extended period from the site.


	•
Values for GBE were obtained from actual utility bills for the site at which the SSES was located and are listed in Table 1.






Table 1:Costs for grid-based connection











	Cost component

	Unit

	Cost




	Network capacity charge

	ZAR/year

	2699



	Unit cost (<600 kWh/month)

	ZAR/kWh

	2.824



	Unit cost (>600 kWh/month)

	ZAR/kWh

	4.541







Source: Eskom utility bills





Equipment design

The energy output of a solar system depends on factors such as geographical location, panel orientation and local climate conditions. In South Africa, a well-optimised residential solar PV system can produce between 1500 and 1800 kWh per kW per year in the northern parts of the country. Thus, a 5 kW system might generate between 7500 and 9000 kWh annually. For the Western Cape, which is further south and has long periods of cloud cover, the equivalent values are 6000 to 7500 kWh per year.

The system, used in this study, was designed to meet the daily energy requirements for a three-bedroomed household with the main energy needs being air conditioners, a borehole pump and space heaters in winter, but no water heating as most of the hot water needs are covered by a solar water heater. Total usage for this configuration is about 400 kWh per month in summer (November to February) and 1000 kWh per month in winter (July to September), giving a total of 7500 kWh per year. The maximum demand during the day in winter is about 20 kWh. Based on these parameters and the location of the site (in the Western Cape Province), 12 panels of the 555 W Canadian Solar HiKu6 Mono PERC were specified.

The design of the battery system was based on the single design parameter of meeting the summer overnight usage, which is about 0.6 kWh per hour for the period 18:00 to 08:00, in other words about 6–7 kWh/night. Given that it is not advisable to deplete the battery beyond 35% on a regular basis, the specified battery size was then 10 kWh.

However, this method for the battery specification ignores an important parameter for SSES, namely the desired level of system reliability. Renewable energy is an intermittent and variable resource. Decentralised SSES energy systems completely independent of the grid must provide sufficient local storage to combat periods of low or zero solar power, so that demand can continue to be met without any interruption in supply. However total independence without any supply failure is non-viable. The size of the necessary storage to cover long periods of poor solar insolation is simply too large to be economically justifiable.

As a result, systems are designed according to an estimated level of reliability, or what the literature refers to as the fraction of demand served (FDS).32 For small-scale embedded generation systems within sub-Saharan Africa, it is reported that the cost of energy is lowest when a FDS value of 90% is used, at which point the LCOE is about USD0.4/kWh (ZAR8/kWh). Higher levels of FDS are possible but the costs increase logarithmically thereafter.32 A system operating at 90% FDS typically has a PV ratio of about 6 kWp to 8 kWh storage, but this ratio is heavily dependent on the profile of night vs day consumption, winter vs summer consumption and daily variability in solar insolation.

Primary data were extracted from a single photovoltaic system located in the Western Cape, South Africa, with the specifications as indicated in Table 2.



Table 2:Specifications of the photovoltaic (PV) system used in this study












	Component

	Unit

	Value

	Description




	PV panel

	W

	545

	Canadian Solar HiKu6 Mono PERC



	Total PV capacity

	kW

	6.540

	12 panels in fixed mounting



	Maximum power point tracking (MPPT)

	V

	450 V, 100 A max

	Victron MPPT RS 450/100 48 V



	Inverter

	V

	48 V / 6.4 kW

	Victron Multiplus-II 48/8000/110-100 230 V



	Battery

	kWh
kW

	8 (80%)

10

	Freedom Won LiTE Home 10/8

Max power 10 kW, energy 8 kWh @ 80% depth of discharge





The actual costs for the SSES system are given in Table 3. It is noted that the costs do not include the costs of a directional meter and its registration/installation. The total installed cost equates to ZAR33 000/kW, which is lower than the international benchmark costs18 but similar to those from other studies for South Africa15.



Table 3:Capital costs for the small-scale embedded solar system used in this study











	Component

	Number

	Cost (ZAR)




	Photovoltaic panels

	12

	27 500



	Battery

	1

	53 000



	Inverter

	1

	21 000



	Maximum power point tracking

	1

	52 500



	Balance of plant

	 
	43 000



	Installation

	 
	18 000



	Total

	 
	215 000




Source: Actual costs in June 2023





Data collection

The system was monitored continuously over the period of the study, with data recorded every minute. Hourly data records were then downloaded for the entire period, 1 January 2024 to 31 December 2024. The hourly records were averaged over the period of each week (Week One extending from the 00:00 on 1 January to 24:00 on 7 January, etc.) to produce 24-hour profiles for each day of the week and for each week of the year. In other words, the records were combined into 1248 data points, allowing comparisons between the weeks rather than the days of the year.

The downloaded records included the total energy demand (DT), solar power generated (S), the solar irradiance (G) and the energy consumption from the electricity grid (EG), and were processed using the following calculations:

Energy supplied to the battery and the inverter, DB = DT − S − EG

Energy supplied from the battery to the household, DH = DT − S − DL

where DL is the energy consumed by the inverter and the battery (energy losses). If we define the inverter/battery efficiency as ƞB, we can calculate the losses and efficiency as follows:

DL=∑DB-∑DHEquation 1

ƞB=1-DLDTEquation 2

Over the whole year, the net energy supplied from the SSES to the household is then

DH=ƞB.DTEquation 3

Using the solar irradiance and the panel efficiency, it is also possible to calculate the potential solar generation (SP) as:

SP=Irradiance * Panel Efficiency * Conversion Factor Equation 4

Then:

Unused Solar, SU=SP-SEquation 5

Overall SSES Efficiency, ƞSSES=SSPEquation 6

The conversion factor is temperature dependent and hence not constant. Empirical observation yielded values of 0.0039 kW/(W/m2) and 0.0052 kW/(W/m2) in summer and winter, respectively.

Results

Solar efficiency

Based on the irradiance data and the conversion factor, it was calculated that the theoretical maximum panel efficiency at the site for the study was 17.5%, somewhat less than the value from the panel’s specification sheet of 21.6%.

Furthermore, at least 54% of the available energy from the panel was not used, giving a value for the overall SSES efficiency as 46%. The extent of the unused electricity during the year is shown clearly in Figure 2. In the winter peak (weeks 20 to 36), when supply is lowest and demand is highest, most of the available solar is used. However, for the remainder of the year, supply exceeds demand.

[image: 21603Walwyn_fig2]

Figure 2: Potential solar generation and used/unused solar during 2024.



The analysis for this single site is not unusual. For most SSES systems, capacity utilisation in the summer months is less than 50% because the systems are designed for the winter months.

There is also another important factor for owners of SSES and electricity distributors that is not apparent from Figure 2, namely the time of use consumption. Even though all of the winter solar generation is used by the household (SU = 0), not all the household energy needs are supplied by solar. Indeed, as shown in Figure 3, during the winter months, as much as 60% of the total demand cannot be supplied by the SSES system. The typical pattern is that the weak winter sun can meet the electricity needs of the household during daylight hours and recharge the battery, but the latter is quickly discharged in the peak evening period for heating and cooking.

[image: 21603Walwyn_fig3]

Figure 3: Grid consumption, solar use and net demand during the year.



This difference between the summer and winter profiles can be clearly illustrated using the daily supply and demand profile, as shown in Figure 4. Peak winter maxima are only 40% of the summer maximum, and even in winter there is a component of unused solar because use of electricity before the evening peak is typically low.

[image: 21603Walwyn_fig4]

Figure 4: Daily profiles of solar supply and use for (A) summer and (B) winter.



Levelised cost of electricity

The consumption data now allow the calculation of LCOE values for SSES vs GBE according to the daily and seasonal patterns of solar energy generation and electricity consumption. Using the capacity factor of 46%, an energy loss factor of 8.4% in the battery/inverter conversion process and the maximum panel efficiency of 17.5%, as previously calculated, the LCOE for electricity supplied by the SSES is ZAR5.63/kWh vs the GBE unit cost of about ZAR2.96/kWh. It is apparent that the cost of SSES is higher than the cost of energy obtained from the national utility or municipality.

A similar result is obtained when we compare the annual costs of the two options, as shown in Table 4. The SSES cost is about 75% higher than that of GBE, which is a surprising result given that other analysis has shown that PV is less expensive than GBE – in other words, SSES delivers a positive return on investment.18 Furthermore, this analysis applies to a system which has a 71% FDS value. Should higher levels of behind-the-meter power reliability be required, the system cost would increase logarithmically32, making SSES even less affordable.



Table 4:Comparison of small-scale embedded solar (SSES) and grid-based electricity (GBE) consumption and costs for the case study













	Comparison

	Consumption SSES (kWh)

	Consumption GBE (kWh)

	Cost SSES (ZAR)

	Cost Eskom (ZAR)




	Grid

	1701

	5828

	7501

	17 553



	Solar

	4127

	0

	23 239

	0



	Total

	5828

	5828

	30 740

	17 553





In summary, peace of mind and energy independence come at a cost. For households for which peak electricity demand generally falls in the early mornings or late evenings, when solar insolation is at its weakest or even non-existent, the rationale for SSES is fragile. This perspective, however, overlooks other benefits of SSES, including the positive environmental impact through lower carbon emissions, especially in South Africa with its carbon-intensive electricity system. Further growth of SSES is necessary and prudent but will not happen without incentives to support household-level investment in behind-the-meter solutions. In the next section, the use of incentives, and how these can simultaneously deliver significant revenue to municipalities, is discussed.

Discussion

As has been shown here, overdesign of SSES systems results in excess capacity, typically about 50% of the available energy output, which could be usefully deployed into the national grid, and the LCOE for such systems is 70% higher than that for GBE. Both results indicate that SSES as a consumer option is more expensive, leading to the inevitable conclusion that the rationale for household SSES investment cannot be an economic one. Instead, such choices are driven by the need for reliable electricity supply within the context of high levels of load shedding in South Africa over the recent past6, and possibly reducing the indirect household-linked carbon emissions through the use of Eskom power.

Higher capacity utilisation would reduce the LCOE, but this would only be possible if the excess energy could be supplied to the grid. For instance, if the total available energy could be used and is purchased at its cost of production, the net LCOE, which we call the breakeven cost, would be ZAR2.53/kWh.

In practice, such an option is not available. Many municipalities do indeed offer feed-in tariffs but these range from ZAR0.32/kWh to ZAR1.3/kWh, with the average being ZAR0.87/kWh, the latter equivalent to 34% of the breakeven cost.3 For the SSES system used in this study, the net impact of the average feed-in tariff is a reduction in the LCOE to ZAR4.56/kWh, from which it is calculated that the premium for the privilege of (some) energy independence is 54%.

The low level of the export or feed-in tariff is insufficient to incentivise greater investment in SSES.5 Yet such an investment is highly desirable from a number of perspectives. Ignoring for the moment any potential benefits to the household, municipalities could improve their margins by purchasing excess solar energy from SSES prosumers and reselling the electricity to their customer base. Exit prices vary somewhat but the average value (ZAR0.87/kWh) is about 29% of the average retail price (ZAR3/kWh) and provides sufficient incentive for municipalities to establish and grow their prosumer base.

The growth of interconnected SSES systems selling energy to the grid at a price highly advantageous to distributors is, however, not only a question of encouraging future investment. There are already many thousands of existing SSES systems not yet registered and equipped with bidirectional metering, many of which are potential energy suppliers. Indeed, it is estimated that about 50% of the installed SSES capacity is not registered and not compliant.18 By accessing this resource, municipalities would be able to almost immediately boost their margins on the sale of electricity.

The problem is that the responsibility for registration and compliance presently lies with the prospective prosumer. Although the costs are variable between municipalities, two of the major components are the cost of the birectional meter and the cost of certification, values for which are given in Table 5. Typically, the combined cost can reach ZAR17 500 or higher18, which deters prosumers from accessing the benefits of selling their excess power, and restricts the profit potential for municipalities.



Table 5:Benefit to cost calculation of small-scale embedded solar (SSES) based on data for the City of Cape Town












	Component

	Unit

	Value

	Reference




	Benefit calculation



	SSES unused solar energy

	% of total

	50%

	This study



	Exit price (feed-in tariff)

	ZAR/kWh

	1.0595

	City of Cape Town34



	Retail price

	ZAR/kWh

	3.00

	City of Cape Town34



	Eskom wholesale price

	ZAR/kWh

	2.00

	City of Cape Town34



	Panel efficiency

	%

	17.5%

	This study



	Unregistered solar capacity

	MW

	100

	Dippenaar and Bekker18



	Unused energy

	GWh/year

	153.3

	This study



	Purchase value

	ZAR million

	162.4



	Eskom purchase value

	ZAR million

	306.6



	Resale value

	ZAR million

	459.9



	Additional gross earnings

	ZAR million

	144.2



	Cost calculation



	Connection meter

	ZAR

	6036

	City of Cape Town35



	Certification of SSES by engineer or qualified electrician

	ZAR

	11 448

	Dippenaar and Bekker18



	Average SSES size

	kW

	10

	This study



	Number of meters

	
	20 000



	Cost of meters and installation

	ZAR million/year

	35 (5 years)



	Benefit to cost ratio

	 
	5.2:1

	 




The net benefit for distributors can be easily illustrated by considering the single example of the City of Cape Town, which implemented feed-in tariffs some years ago and is probably the furthest advanced in South Africa. Registered SESS systems in Cape Town amount to about 100 MW33, but total capacity is estimated at 200 MW18, from which it is clear that an additional 100 MW of capacity is available. Using the panel efficiency value of 17.5% as obtained in this study, it is calculated that 153 GWh per year of unused SSES energy could be accessed, at a cost of ZAR162 million (the City’s feed-in tariff is ZAR1.0595/kWh), but with a retail value of ZAR460 million, delivering gross earnings of ZAR297 million.

In practice, the full value of these earnings would not be realised because the resale of SSES energy would replace the energy that the City is already procuring from Eskom. The actual additional revenue is then the difference between the sale of Eskom vs SSES energy. According to the City of Cape Town34, the average wholesale price from Eskom is ZAR2/kWh, from which the additional margin to the City is calculated at ZAR144 million.

We now need to consider the meter and compliance costs in order to calculate the benefit to cost ratio, having made the argument that the City should be covering these items. Using the most recent meter price of ZAR6043 and compliance certification of ZAR11 500, and assuming the average SSES size is 10 kW and the maximum number of new connections per year is 2000, the annual worth of the additional costs of new connections to the City of Cape Town is calculated at ZAR20.8 million vs the annual worth of the additional gross earnings from SSES energy trading of ZAR107 million. The input values and results of these calculations are summarised in Table 5.

In other words, the net benefit to cost ratio for the City is 5.2:1, supporting the argument that electricity distributors have the most to gain from operational SSES interconnection and should be paying for the interconnection costs.

This analysis illustrates that Eskom and the municipalities could extract considerable value from unused SSES capacity. However, building the market for energy trading between distributors and prosumers will require more than offers to install bidirectional meters; these organisations will also need to address issues of trust and transparency.36 It will require a customer-focused campaign to explain the benefits of trading for both parties.

Conclusion

The study has considered the techno-economics of SSES systems for both homeowners and electricity distributors in South Africa. Two important results have emerged from the analysis. Firstly, it is shown that the LCOE for a standard configuration, as used in this study, is 75% higher than that for GBE. In other words, homeowners have opted for SSES for reasons of energy security rather than cost. For those households which can afford the premium, reliability of supply overrides any additional energy cost.

Secondly, SSES systems at the household level are generally sized to deliver sufficient energy to match average demand under winter conditions (low sunlight intensity and shorter daylight hours), and, as a result, have on average about 50% unused capacity (excess to demand), particularly during the summer months. This excess capacity could be a valuable source of energy for Eskom and the municipalities, which have struggled to meet electricity demand due to supply constraints. In Cape Town alone, it is estimated that 153 GWh could be available to the municipality, which, if fully traded, would generate a net trading profit of ZAR144 million.

However, the additional energy and revenue source is presently underutilised because homeowners are disincentivised from prosumption. To participate in the market, they are compelled to incur the costs and face the bureaucratic barriers of installing the necessary bidirectional meters. As a result, fewer than half of present SSES installations are registered and certified as required by the regulatory environment, and it is clear that the prosumer base in South Africa will remain dormant unless the distributors agree to absorb the meter costs.

There is a compelling economic reason that they should do so. Using a standard cost/benefit analysis and data for the City of Cape Town, it was shown here that the benefits exceed the costs by fivefold. Distributors will also benefit through more resilient electricity systems (diversity of supply), lower grid emission factors and lower energy losses. Opponents of SSES argue that encouraging SSES will allow more customers to achieve energy independence and reduce municipal revenues.37 However, the level of investment which is necessary to achieve total independence (FDS greater than 99%) is uneconomical. The optimal FDS level is about 85%, meaning that prosumers will always be dependent on the grid and grid-connected SSES is the only viable, and indeed sensible, approach.

The present context for the planning, governance and development of the electricity system in South Africa and other countries in the region is the need for universal access, reliability, affordability and carbon neutrality. The results of this analysis show that a simple initiative to be taken by the distributors, namely installing birectional meters at their cost, could partially address at least two of these important factors. Extracting unused capacity from existing SSES will reduce their carbon emissions and costs. Supporting the expansion of a cohort of prosumers could partially offset the need to further raise energy tariffs, which have increased at rates higher than inflation over a long period.38

Finally, it is also noted that this study is limited by its use of only a single SSES system in a single location within South Africa. The results could be strengthened by further studies across a wider range of geographical areas and using different system configurations. For instance, the use case in this study of a domestic residence in the Western Cape has a high disparity between user demand and solar generation, and winter/summer fluctuations.
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Battery electric vehicles (BEVs) are essential to global decarbonisation roadmaps and are being increasingly adopted in many countries. However, significant techno-economic barriers remain before the adoption of BEVs becomes widespread in the Global South. Issues include higher costs, grid instability due to high electricity demand during peak periods, lack of recharging infrastructure and restrictive driving ranges relative to internal combustion engines. Vehicle-2-Grid (V2G) can play a critical part in load balancing (peak shaving) and reducing costs for BEV owners. In this study, the potential of V2G was explored in more detail, looking at the development of appropriate hardware and software for V2G, the techno-economic assessment of V2G from a user and system perspective, and policy measures to support uptake of electric vehicles. The study shows that households with V2G-enabled BEVs achieve cost parity with households with internal combustion engine vehicles. Systems which connect BEVs to V2G, and supportive V2G metering and tariff policies, would accelerate BEV adoption in emerging markets.

Significance:


	•
Small-scale embedded solar (SSES) is an expensive option for homeowners; the levelised cost of energy is double the cost of power from Eskom.


	•
V2G is an attractive option for SSES owners if the vehicle is charged from SSES during the day.


	•
The calculated annual worth of a BEV with SSES is equivalent to the base case of a fossil-fuel-based vehicle and grid-based energy.


	•
Using an optimal charging strategy, BEVs can reduce grid-based electricity demand and travel costs.


	•
Bidirectional metering, V2G and time-of-use tariffs will be essential for the migration to BEVs.









Introduction

Battery electric vehicles (BEVs) are an essential component of global initiatives to decarbonise systems of mobility.1-3 By the end of 2023, there were already 40 million electric vehicles on the road and the number is predicted to grow to 250 million by 2030.4 Sales of electric vehicles have grown exponentially, reaching nearly 15 million in 2023, with about 60% of the sales attributed to China.5

However, there are considerable techno-economic and technological barriers yet to be overcome before the adoption of BEVs becomes widespread in many countries.6,7 Issues include the high initial BEV cost, grid instability due to high electricity demand during peak periods, lack of recharging infrastructure, high battery costs and limited lifetimes, restrictive driving range, long recharging times and high levelised cost of driving (LCOD) or total cost of ownership relative to internal combustion engines.8-10

One solution to these issues, already widely explored and reported in the literature, is the adoption of Vehicle-to-Grid (V2G) technology11, or more broadly Vehicle-to-Anything (V2X), where X includes multiple sources of demand such as residential or commercial properties, mobile homes and off-grid machinery. Examples of new applications include Vehicle-to-Building (V2B), Vehicle-to-Load (V2L), Vehicle-to-Home (V2H) and Vehicle-to-Infrastructure (V2I).12

V2G is the integration of BEVs within an electricity grid in a way that allows vehicle owners to sell energy from the BEV batteries to utility companies. Given that, for much of the day, passenger vehicles are not being used13 and that daily distances travelled will, on average, be below the energy storage capacity of the vehicles, BEVs become a source of surplus energy which could be used elsewhere, such as for domestic needs or for supplying the national grid14,15.

At the core of V2G are two devices: the bidirectional V2G unit, which allows energy charging and discharging, and the bidirectional smart meter, which measures the quantity and calculates the cost of the energy transactions (Figure 1). By supplying energy to a (micro)grid, the vehicle owner can participate in energy trading and earn much-needed income, perhaps up to 12% of the annual equivalent of the car’s initial cost.16 Alternatively, the stored energy could be used by vehicle owners to supply their own domestic needs, replacing more expensive energy drawn from the grid during times of peak demand.
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Figure 1: Architecture of Vehicle-2-Grid (V2G) as modelled in this study.



V2G can, therefore, play a critical part in load balancing, frequency regulation, acting as a spinning reserve, delivering incentives to owners for the uptake of BEVs, storing excess renewable energy, improving overall grid operations and decreasing the overall electricity cost.5,12,17,18

In a research project, the results of which are reported in this article, the potential of V2G for South Africa was explored in more detail, specifically the development of appropriate hardware and software for V2G, the techno-economic assessment of V2G from a user and system perspective, what strategies could be used to increase acceptance of the technology within South Africa, including necessary policy measures and, finally, how to increase community-level energy security and resilience within a context of increasing energy poverty and insecurity using V2G. The study assumed a behind-the-meter architecture for V2G, as shown in Figure 1.

Literature review

V2G technology and cost

V2G has been under consideration as a useful means of accessing additional energy storage since the late 1990s.15 Compared to small-scale embedded solar (SSES) systems, BEVs are equipped with large batteries. A typical SSES system will deploy a battery capacity of 10 kWh to 20 kWh whereas BEVs have capacities of 40 kWh to 100 kWh. Even for a small country like South Africa, which has a fleet size of about 12 million vehicles19, the total sum of stored energy will amount to 840 GWh, if 100% conversion to BEVs takes place before the 2050 Net Zero date. Given that South Africa has an annual electricity demand of 195 TWh20, the energy stored in BEVs represents about 38 hours of electricity supply for the entire country.

These calculations are presented not to suggest that BEVs could be used as gigawatt-scale energy storage schemes, but rather to highlight that V2G does offer an opportunity for utility companies to access infrastructure necessary to maintain a reliable energy supply without incurring the associated capital costs.5 Such storage could enhance grid stability, mitigate supply/demand imbalances, act as devices for valley filling and peak shaving and regulate electricity frequency.17 The benefits of V2G for vehicle owners, and especially the benefit to cost ratio, are more complicated. Although any additional revenue from energy sales is a clear benefit, it comes at the cost of reduced battery lifetimes and the inconvenience of more careful energy management.5

The adoption of V2G has required significant technological innovation in areas such as the interconnection between the vehicle and the charging/discharging stations, on-board modulation of the energy format, net metering solutions for vehicle owners and grid operators, and efficient battery management software. Some progress has already been made, and further developments are underway. For instance, several of the larger vehicle manufacturers have already released versions of V2G onto the market:


	•
Nissan: Nissan will launch its V2G technology in 2026, allowing BEV owners to power their homes during peak times or outages from their vehicle’s battery and to sell surplus energy back to the grid.21


	•
Ford: Ford has launched the Ford F-150 Lightning which is an electric pick-up equipped with bidirectional charging capability and a 100 kWh battery pack.22 Ford is also the co-founder of ChargeScape, a software company that provides the technology to support smart metering and bidirectional energy trading.


	•
Volkswagen: Volkswagen’s ID.4 can discharge power for various applications.23


	•
Hyundai: Hyundai has developed the Electric-Global Modular Platform which, together with the Integrated Charging Control Unit, can support bidirectional charging.24


	•
BYD: Many of the BYD models include a standardised facility to supply direct current for V2L applications.




Progress in the development and commercial availability of smart bidirectional meters is more limited. The essential features of bidirectional meters are to measure positive and negative energy flows, allow time-of-use billing and optimise the use of energy according to the cost of the various sources. In Australia, new chargers, such as the Sigenergy’s SigenStor and RedEarth’s Ambibox DC Wallbox, are entering the market, supporting V2G and V2H.25 In the USA, General Motors offers a complete energy home system including the charger, the power bank and the inverter, with metering capability.

The cost of V2G is still high due to the additional investment in home infrastructure (electrical) and the reduced battery lifespan. For instance, Anil Paryani, Executive Director of Engineering at Ford Motor Company, recently reported that the additional cost of V2G to the prosumer is about ZAR3 per kWh due to the battery replacement charge.26 Other authors are less pessimistic, arguing that the studies are inconclusive and that car manufacturers would not be offering V2G unless the problem of battery lifespan had been solved.3 In this study, a limited degree of degeneration has been included as per a prior techno-economic study of BEVs as distributed energy storage systems.5

V2G frameworks and regulations

China leads the world in BEV sales, as noted in the introduction, and is also one of the leading countries in the adoption of V2G frameworks and regulations with plans for complete V2G integration by 2023.5 The plans include guidelines for the acceleration of national and industry standards for V2G, focusing on interaction interfaces and communication protocols, the development of advanced battery technology to support high cycling usage, the further commercialisation of bidirectional meters, the implementation of time-of-use electricity pricing policies for residential charging facilities, the launch of several V2G demonstration projects in different locations and user communities, and support for electricity grid operators in V2G management and energy trading.27

In South Africa, the context for V2G is framed by two distinguishing features. Firstly, the Eskom generation crisis accelerated the installation of SSES, with the latest estimates indicating that the total installed capacity, excluding utility-scale solar, had exceeded 5 GW by mid-2024.28,29 The second feature is that the installations are highly uneven between income groups, and have further increased the inequality between high- and low-income households.30 The dominant reason for the installation of SSES has not been directly linked to a net zero energy transition but instead to distrust amongst energy customers in the national utility. Future policies to support an e-mobility transition need to increase the uptake of electric vehicles but also ensure an inclusive rate of adoption.31

Similarly, the uptake of BEVs in South Africa remains restricted. According to the National Association of Automobile Manufacturers of South Africa32, 1257 BEVs were sold in South Africa in 2024 (annualised from Q1 2024 data), representing 11% of the sales of all new energy vehicles and only 0.24% of all new vehicle units. Although sales are growing, the volumes are small, as is the charging infrastructure. There are 500 public charging stations, mostly along the major transport routes and in the metropolitan areas.33

South Africa has taken an important step towards incentivising green mobility by introducing a 150% tax incentive for electric and hydrogen vehicle production. The allowance, announced by the Minister of Finance in his 2024 budget speech34 and introduced in 2025, is expected to stimulate the country’s nascent BEV industry, encourage investment, and position South Africa as a key regional player in the global shift toward sustainable transport. The new incentive offers manufacturers tax breaks on research, development and production costs, thereby accelerating the domestic production of electric vehicles and hydrogen-powered vehicles, as well as the components needed for their assembly.

In this article, the techno-economics and SSES and BEV ownership, relative to the conventional use of grid-based electricity and internal combustion engine (ICE) vehicles, are explored. The analysis is important firstly to determine whether there is sufficient economic incentive for vehicle owners to opt for BEVs, but secondly to explore the mutual benefits of SSES with BEV as a V2G configuration.

Techno-economic model and use cases

Calculations for levelised costs

The study followed a techno-economic modelling approach based on three separate techno-economic analyses, the levelised cost of energy (LCOE)35,36, LCOD37,38 and the total cost of ownership10. Data for the analysis were obtained from a single photovoltaic system located in the Western Cape, South Africa, monitored over a period of one year.29 The data were imported as hourly values into a spreadsheet and used as the basis for the modelling work on various use cases, as described later.

The three techno-economic approaches are already well described in the literature.36,38 The common feature of the algorithms is to convert all costs into a net present value (total cost of ownership in the case of vehicle ownership), and then divide this amount by the discounted sum of distance travelled, in the case of LCOD, or discounted sum of energy generated/used, in the case of LCOE. The equations for LCOE and LCOD are given below39:

LCOE=Sum of the Discounted Values of Costs over Lifetime of SSESSum of the Discounted Output of Energy over Lifetime=∑t=1nIt+ Mt−Rt+Ot(1+r)t∑t=1nEt(1+r)tEquation 1

where It = investment expenditure in year t (ZAR), Mt = maintenance and expenditure in year t (ZAR), Rt = energy rebate in year t (ZAR), Ot = operational expenditure in year t (ZAR), r = discount rate, t = year of expenditure (year), n = expected lifetime of the system (years) and Et = energy output in year t (kWh).

LCOD=Sum of the Discounted Values of Costs over Lifetime of BEVSum of the Discounted Output of Distance Travelled over Lifetime=∑t=1nIt+Mt+Ot(1+r)t∑t=1nDt(1+r)tEquation 2

where It, Mt, Ot, t, n, r are as for Equation 1 and Dt = distance driven in year t (km).

In the calculation of the net energy cost, the grid-related costs – such as the purchase of energy from the grid (based on unit fees) and the connection fees – must be added. The net LCOE is obtained as the weighted average of energy from the SSES and the grid. It is also necessary to adjust for the energy losses due to battery roundtripping and the use of an inverter.40 For the SSES, the overall energy efficiency is about 90%; in other words, 10% of the energy input from the two sources (grid and solar) is lost to the inverter and stationary battery. A similar value is also applied to the energy efficiency of the BEV charging/discharging cycle.

As the final step in the sequence of calculations to support the comparison between the five different use cases explored in this study, the LCOE and LCOD are converted to their respective annual worth (AW) values by multiplying the individual values by the total electricity demand and distance travelled, respectively. AW is a standard financial calculation which reduces all costs to single year values and allows comparative assessment between different options for engineering systems.41

Definition of use cases

Five different use cases were explored in the modelling studies, as shown in Table 1. It is noted that there is an important difference between grid-tied and grid-connected. The former refers to a grid interface between the SSES and the grid which allows bidirectional flow through a smart meter, whereas the latter only allows unidirectional flow from the grid to the SSES.



Table 1:Outline of the five use cases













	Use case

	Description

	Type and size of system components



	Solar PV

	Inverter

	Battery

	Vehicle




	1

	Grid-connected home only (no solar) and internal combustion engine (ICE) vehicle

	N/A

	N/A

	N/A

	ICE Sedan 1600



	2

	Grid-connected with small-scale embedded solar (SSES) but no rebate on excess energy and ICE vehicle

	6.54 kW

	10 kW

	10/8 kWh

	ICE Sedan 1600



	3

	Grid-tied with SSES and rebate and ICE vehicle

	6.54 kW

	10 kW

	10/8 kWh

	ICE Sedan 1600



	4

	Grid-connected with SSES and battery electric vehicle (BEV) (V2H)

	6.54 kW

	10 kW

	10/8 kWh

	BEV Sedan 150 kW



	5

	Grid-tied with SSES and BEV (V2G)

	6.54 kW

	10 kW

	10/8 kWh

	BEV Sedan 150 kW





The system specifications for the five use cases are listed in Table 2. There are probably as many use cases as there are users in a national electricity system. Each user will have a different and perhaps unique energy demand, depending on factors such as work patterns, domestic habits, energy budget, location and building design. The model itself was built to accommodate variable patterns of use and solar energy, with the raw data requirement being the hourly values for measured solar irradiance (or potential solar panel output), actual solar energy generated/used, grid consumption and total energy demand.



Table 2:System specifications for the five use cases











	System component

	Use Case 1

	Use Cases 1, 2 and 3

	Use Cases 4 and 5




	Solar panels

	Not applicable

	Not applicable

	12 x Canadian Solar HiKu6 Mono PERC each of 545 W (fixed mounting)



	Vehicle

	ICE Sedan 1600 (7.2 L/100 km)

	ICE Sedan 1600 (7.2 L/100 km)

	BEV Sedan (160 Wh/km and 60.5 kWh battery storage)



	Home energy use

	Profile of annual energy use as per Walwyn29



	Distance travelled

	For all use cases it is assumed that the vehicle will used twice per day, each journey being 25 km, in the morning between 07:00 and 08:00 and in the late afternoon between 16:00 and 17:00.



	Battery

	Not applicable

	Not applicable

	Freedom Won LiTE Home 10/8, max power 10 kW, energy 8 kWh @ 80% depth of discharge



	Inverter

	Not applicable

	450 V, 100A max Victron MPPT RS 450/100 48 V



	Bidirectional meter

	Not applicable

	Only use cases 3 and 5; standard bidirectional meter approved by the City of Cape Town




Sources: This study, manufacturers’ brochures and TechCentral42





An important consideration for the analysis is the daily period over which BEV charging will take place. This study has focused on the optimal conditions within which V2G could be economical, making maximum use of the available solar generation and minimising any additional energy demand from the grid. The use cases in this study all assume that BEV charging will take place over the peak solar generation period, as is discussed in more detail below. In this way, drawing additional energy from the electricity grid will largely be avoided, and the homeowner will make maximum use of embedded generation. For a household with an existing SSES, this energy is essentially without cost and is a direct subsidy of the BEV.

The use of the vehicle as assumed in this analysis is based on the pattern of a single car household in which one person works from home and the other members are either at school or need transport to a local place of employment. Serving these needs therefore requires two daily trips, each of 25 km, one early in the morning and one in the late afternoon.

The technical specifications for the vehicles evaluated in the study have been taken from multiple sources including TechCentral42 and manufacturers’ brochures (VW Polo Sedan 81kW 1.6 Tipt and BYD Dolphin Premium). These choices are small cars which align with the vehicle use cases as defined in the earlier discussion. The BYD Dolphin Premium is equipped with a 60.5 kWh battery and a V2G discharge adapter.

Financial data

The input financial assumptions as used for the techno-economic modelling have been listed in Table 3. Standard values have been assumed for the common parameters such as project duration, maintenance and capital costs. It is noted that the financial calculations are all based on real 2024 South African rands (ZAR) as the levelised cost methodology cannot deal with inflation. For this reason, the discount rate is a real rate, rather than nominal, and is set at 8.5%.



Table 3:Input financial assumptions used for techno-economic modelling











	Input variable

	Unit

	Value




	
	
	SSES

	Battery electric vehicle



	Discount rate

	%

	8.50%



	Project lifetime

	years

	20

	10



	Maintenance costs

	% of capital

	0.60%

	2.40%



	Network capacity charge

	ZAR/year

	2.67



	Energy rebate rate

	ZAR/kWh

	0.87



	Unit cost electricity (<600 kWh/month)

	ZAR/kWh

	2.82



	Unit cost electricity (>600 kWh/month)

	ZAR/kWh

	4.54



	Photovoltaic panels (per panel)

	ZAR

	27 500

	


	Lithium battery (per 10 kWh)

	ZAR

	53 000

	


	Inverter

	ZAR

	21 000

	


	Maximum power point tracking (MPPT)

	ZAR

	52 500

	


	Balance of plant cost

	ZAR

	43 000

	


	Installation of SSES

	ZAR

	18 000

	


	Total capital cost

	ZAR

	215 000

	539 000




Sources: Costs of small-scale embedded solar (SSES)29,43,44; electricity costs: Eskom utility bills





There are two other relevant considerations for this study. Firstly, photo-voltaic panel efficiencies are sensitive to heat and decrease over time, as reported in the literature.45 Secondly, battery lifespans are reduced proportional to the number of charge/discharge cycles. The reduction in panel efficiencies has been ignored in the study because the impact is minimal. However, the cost of the battery deterioration has been included by tracking the number of charge/recharge cycles and then adding additional maintenance costs in proportion to the number of necessary replacements over the project period, as per values in the literature.5

The cost of BEVs vs the stationary batteries in SESS make the latter appear overpriced. Battery costs are highly modular – a 20 kWh battery costs double a 10 kWh unit, and so on. A BEV containing 60 kWh of battery storage has the equivalent of ZAR312 000 worth of storage, which is 66% of the full cost of the BEV (in this case for the BYD Dolphin Premium). The price differential suggests that the cost of stationary battery systems will also decrease in the future.

Results

Solar availability and vehicle charging

In a prior analysis using the same input date for generation/demand, it has been shown that a typical SSES installation will have as much as 50% excess capacity (unused solar).29 However, the energy is not available at all times of the day; typically, the excess supply will be available between the hours of 10:00 to 16:00, depending on the local climatic conditions, indicating that the optimal BEV charging strategy will be during these hours.

As expected, the additional demand from the BEV reduces energy curtailment during summer and increases the energy drawn from the grid in winter. The latter impact is expected, as the panels are typically sized for zero surplus over the winter period. The predicted profile for energy demand by the two different consumption points (vehicle and household), and the source of energy from which this demand is served, are shown in Figure 2.
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Figure 2: Energy source and demand for Vehicle-2-Grid (V2G).



Levelised costs and annual worth

Use Case 1 considers the base conditions under which a household is grid connected, drawing energy directly from the national utility, and uses a 1600 ICE vehicle for domestic use. This option has the lowest cost based on the sum of the AW values for electricity and transport, as shown in Table 4. In other words, the lowest cost option for households able to afford the purchase of a vehicle, regardless of the fuel it uses, is the conventional situation of grid-connected electricity supply and ICE. Interestingly, the cost of mobility is nearly six times higher than the cost of electricity in all cases. The annual fuel cost, in the case of an ICE, alone exceeds the cost of electricity usage.



Table 4:Levelised cost of driving (LCOD) and levelised cost of energy (LCOE) results for all use cases













	Case

	Vehicle

	Household electricity

	Total annual worth (ZAR)



	LCOD (ZAR/km)

	Annual worth (ZAR)

	Net LCOE (ZAR/kWh)

	Annual worth (ZAR)




	1

	6.17

	112 707

	2.94

	17 975

	130 682



	2

	6.17

	112 707

	5.30

	31 819

	144 526



	3

	6.17

	112 707

	4.43

	26 625

	139 333



	4

	5.76

	105 097

	3.42

	30 566

	135 663



	5

	5.72

	104 356

	3.17

	28 299

	132 655





Use Case 2, in which the household invests in the grid-connected purchase of SSES, is the most costly due to the high LCOE for SESS-generated energy, as already reported.29 In the absence of bidirectional metering and energy rebates, SSES is economically unattractive and its uptake in South Africa has been driven by issues of energy security rather than reduced environmental impact or affordability. The higher energy costs are somewhat mitigated in the case of grid-tied SSES (Use Case 3), which reduces the net energy cost by 16% and increases the solar utilisation from 48% to 100%. However, the total AW remains higher than in Use Case 1.

In summary, SSES based on a set of standard design considerations adds 80% to the annual cost of a household’s electricity bill and does not ensure total independence from Eskom. The optimal configuration ensures that the solar panels deliver sufficient energy during a winter’s day (sunny conditions) to meet the daily average electricity needs, and that the overall system (panels with the inverter and battery) is sized to meet a fraction of demand served (FDS) value of 80%. The LCOE for a grid-tied SSES is somewhat reduced (17%) by the addition of bidirectional metering and the use of the energy rebate tariffs already in place within many parts of South Africa. The effect would be larger if the rebate value, presently 31% of the standard tariff and 19% of the higher tariff, were to be more generous.

Levelised cost of driving

Use Cases 4 and 5 cover the replacement of the household’s ICE with a BEV with or without V2G, respectively. Despite the higher capital cost of the BEV, the reduced fuel and maintenance costs make both uses cases lower cost in terms of LCOD. Although not shown in Table 3, the AW value for an option in which there is no SSES and the BEV is recharged directly from the grid at the lower tariff rate is in fact the lowest AW option, giving a value of ZAR 120 766. (The analogous value at the higher Eskom tariff is ZAR127 015.)

The addition of V2G does mitigate the higher BEV cost, as may be expected, and the AW of Use Case 5 (SESS/BEV/V2G) is almost identical to the base case (Unit Case 1). The similarity is a recent phenomenon; studies earlier than 2020 indicate that BEVs are still expensive relative to the ICE for small households. However, the entry of lower cost vehicles and improvements in V2G integration have improved the techno-economics and BEV ownership and the LCOD values as calculated in this study are not dissimilar to other values already reported in the literature.37

Sensitivity analysis

The values generated in this analysis are sensitive to four main input variables: the lifetime of the BEV batteries under V2G conditions, the cost of battery replacement, the cost of the BEV itself and the future cost of grid-based electricity. With the exception of the latter, all of the former are falling in real terms as the market for energy storage and BEVs expands. For instance, the cost of battery storage fell by 30% over the period 2023 to 2024, and is expected to further decline to 50% of the 2024 value.4 BEVs have also fallen in price and the trend is expected to continue as smaller and less exclusive models are launched.4 Electricity, and particularly grid-based electricity, remains a major concern to long-term affordability and underlines the importance of some degree of energy independence however this is accessed, but preferably through SSES.

In summary, BEVs which are V2G enabled have a dual benefit of improving the economics of SSES and BEV ownership, to the extent that these integrated systems are now comparable in cost (ignoring any consideration of carbon emissions and potential carbon tax) with the option of ICE with grid-based electricity supply.

Discussion

V2G offers several major benefits for future energy systems. It can help increase energy system resilience by reducing reliance on centralised energy generation based on traditional large-scale power plants, it can smooth energy demand, it can promote clean energy usage by harnessing the SSES capacity of home users, and it can subsidise the cost of BEV ownership.

A significant contributor to the high LCOE of SSES is the low consumption of available solar energy. One possible solution to this problem might be to increase the size of the battery storage, enabling greater energy collection during daylight hours and lower dependence on grid-based electricity at night. However, further analysis based on Use Case 3 shows that larger batteries improve the FDS but rapidly increase LCOE, as shown in Figure 3.
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Figure 3: Impact of battery size on the levelised cost of energy (LCOE) and fraction of demand served (FDS).



It is apparent from this figure that a 10 kWh battery, equivalent to a ratio of about 1.5 relative to the solar panel capacity, is close to the optimum. Lower ratios rapidly reduce FDS and increase LCOE, whereas larger capacities only marginally increase FDS but quickly increase LCOE, confirming the empirical rule that the optimal battery capacity equates to a FDS value of 80% to 85%. In other words, on the basis that the annual household electricity demand is about 16.5 kWh/day, as is the case in this study, a usable battery capacity of 80% of the nameplate value, a FDS of 80%, a night-to-day usage split of 1:1 and a net solar panel efficiency of 8.5%, results in a system specification of a peak panel capacity at 6.5 kW and battery capacity of 8/10 kWh.

V2G offers an alternative approach. By ‘selling’ SSES energy to the vehicle, and reducing refuelling costs which would otherwise be incurred, the overall LCOE is reduced. Such a strategy has been demonstrated with Use Case 5, which showed that the energy storage capability of the BEV can be used to increase the overall utilisation of energy availability in the SSES without adversely affecting the utility of either component of the household infrastructure.

This result is particularly relevant to the Western Cape with its greater diversity between winter and summer solar irradiance conditions.46,47 As already noted, SSES systems tend to be sized for cloudy winter conditions, implying that a large amount of excess solar is available in the hot summer months, which can be usefully stored in a BEV. A similar conclusion, but with a lower net benefit, can also be reached for systems in all regions of South Africa.

Despite this benefit (valorisation of SSES), there are multiple challenges to the adoption of V2G – the most important of which is consumer and motor manufacturer resistance arising from the additional cycling of the batteries and associated components, leading to the accelerated depreciation of these assets, and, of course, additional costs. There are already some solutions to this problem, such as lower battery costs, selection of batteries appropriate to V2G and state of charge management systems.48 Clearly, battery ageing over time, known as calendar ageing, is unavoidable. Cycle ageing, however, is a function of the depth and number of charge/discharge cycles and can be managed.49 From the perspective of the vehicle owner, the 20–30% reduction in battery lifetime over the duration of ownership needs to be counterbalanced by earnings from the grid operator.

Given that there is little incentive for the vehicle manufacturers to develop these protocols and systems, because V2G is an ‘off-label’ use of their products, V2G will only proceed if governments, through clear legislative frameworks, drive public interest research to ensure consumer protection and awareness, robust cybersecurity and energy market participation.1

Conclusion

Prior studies have reported that V2G technology holds considerable potential for revolutionising energy management and transportation, reducing energy and transport inequalities and accelerating the attainment of Net Zero.3 However, many of these articles are not supported by the analysis of empirical data, allowing for a direct, quantitative comparison of the conventional ICE/grid connection vs V2G. This study provides such an analysis. Real-time data, collected from a single SSES, have been used as the input values into a techno-economic model, allowing for the comparison of five different use cases, covering various combinations of household electricity supply and vehicle technology, including V2G.

The analysis shows that SSES/BEV combinations are more expensive than the base case (ICE with grid supply), but V2G only marginally so. The latter almost achieves cost parity to ICE/grid, giving a total AW of ZAR132 655 vs ZAR130 682, whereas the option of BEV/grid is 5% higher.

The relatively small differences between the use cases suggest that economic factors alone are unlikely to adequately incentivise BEV uptake. Despite the advantages of V2G and BEVs in a sustainable energy future, their widespread adoption faces several challenges which must be addressed through collaboration between industry stakeholders, policymakers and regulators. In terms of further work, improvements to battery cycle life are necessary, and further research is required to assess a more diverse range of battery materials. Moreover, the South African government needs to implement the policy actions of its Electric Vehicles White Paper which include the scale up of investment in charging infrastructure, supporting localisation, expanding grid capacity and introducing consumer incentives.50
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Glass packaging waste is an escalating environmental and economic challenge in South Africa, yet the regional impacts of South African beverage exports have received little attention. While a national, mandatory deposit return system (DRS) shows promise, one issue remains overlooked: the environmental fallout of South African glass exports across southern Africa, where imported bottles bypass local DRS frameworks and strain weak waste systems. Drawing on our experience and policy engagement from within the DRS debate, we argue that exported containers must be included in South Africa’s DRS. A phased, regionally coordinated system could yield broad environmental, social and economic benefits. We identify key knowledge gaps – export volumes, alignment with Southern African Development Community (SADC) policy, infrastructure and informal sector roles – and argue that these must be addressed to build an inclusive, regionally harmonised DRS for southern Africa.

Significance:

This article contributes to ongoing debate in South Africa’s waste management and circularity landscape: the design and implementation of a nationwide, mandatory DRS. We highlight the overlooked transboundary impacts of South African beverage exports, particularly the burden of non-returnable glass waste in neighbouring southern African countries. We argue that a comprehensive DRS should not only be mandatory but also include containers exported to regional neighbours. A phased, regionally coordinated system, we suggest, could generate environmental, social and economic benefits.






A case for a South African deposit return system

Glass waste is an increasingly urgent environmental issue in South Africa. Although glass is fully recyclable, large volumes of glass waste still end up in landfills, dumpsites and across the environment, and contribute to degradation, inefficient resource use and lost economic potential. One estimate suggests that, of the 423 000 tonnes of glass bottles sold annually, about two-thirds (or 282 000 tonnes) are not recycled.1 In a country where many lack reliable waste services, this gap poses serious health and environmental risks, especially in rural and low-income communities.2,3 Even where waste is collected, municipalities spend millions each year transporting and landfilling glass that could be recycled.4 This situation is especially concerning given South Africa’s relatively high recycling rates for other materials – largely thanks to its informal recycling sector.5

Globally, deposit return systems (DRS) – in which consumers pay a refundable deposit on beverage containers – have proven effective at boosting recycling rates and reducing litter. DRS can be mandatory or voluntary. Mandatory systems require participation by law; voluntary ones rely on industry and consumer choice. Germany’s mandatory DRS achieves a 96–98% return rate for plastic, glass and aluminium.6 In Africa, Kenya has also achieved strong glass recycling outcomes under a voluntary DRS.7 South Africa operates a limited voluntary DRS that does not cover all containers. Initiated by the beverage sector, this DRS includes returns for refillable glass bottles sold by Coca-Cola Peninsula Beverages and selected alcoholic beverages from South African Breweries and Heineken Distell. These initiatives have seen some success but face serious limitations.1 Coca-Cola’s scheme, for instance, covers only certain bottle sizes and brands. Retailers have reportedly failed to fully refund customers or refused returns, and space constraints limit participation by spaza shops, taverns and informal vendors.1

Despite these limitations, South Africa’s initial DRS efforts represent modest progress. But with growing volumes of glass waste polluting the environment, momentum is building for a more structured and inclusive DRS. A recent feasibility study by Grant et al.1 indicates that a well-implemented, mandatory DRS for all refillable glass bottles could promote circular economy goals, improve waste systems and cut environmental harm. Although a national DRS may address domestic waste, what about South Africa’s beverage exports? As the continent’s largest economy, it exports hundreds of millions of litres of soft drinks, beer and other alcoholic drinks across southern Africa annually.8,9 Yet few of the bottles return. Instead, countries already struggling with waste management are left to absorb this additional burden. Many lack capacity to collect, recycle or safely dispose of domestic waste – let alone imported containers. As a result, South African glass is effectively dumped throughout the region, with severe environmental consequences. This Research Letter draws on our fieldwork, regional case-study experience and policy engagement to highlight an overlooked dimension of South Africa’s DRS debate. If a national DRS can improve domestic outcomes, what are its implications for exports – what responsibility does South Africa bear regionally? And if a mandatory DRS is adopted, how can it also include exported bottles?

Bottles beyond the Limpopo

South Africa has a substantial beverage export market which ships drinks to neighbouring countries such as Lesotho, Eswatini, Namibia, Botswana, Mozambique and Zimbabwe, and more distant regional partners such as Malawi and Zambia – which together account for nearly half of South Africa’s beverage exports.10 This quantity is notable given the country’s large wine industry, with most wine exports bound for Europe and North America. Besides plastic-bottled soft drinks and water, exports mainly consist of beer, wine, ciders and other alcoholic beverages, mostly packaged in glass. For example, South African Breweries, a subsidiary of AB InBev, exports millions of litres of beer across southern Africa. South Africa also imports significant quantities of beer, particularly from Namibia and Mozambique – products not covered by the current voluntary DRS.9

As a result, vast amounts of South African glass packaging enter the region without a defined end-of-life plan or producer responsibility mechanism. Most importing countries lack the infrastructure to manage this waste. In much of southern Africa, municipal waste collection is limited in urban areas and largely absent in rural ones, leaving households to handle their own waste.11 Consequently, imported glass is often dumped or, where collected, landfilled. Glass waste is recognised as a problematic fraction in countries like Lesotho10, Eswatini12, Botswana13, Mozambique14 and Zimbabwe15. This is particularly concerning as many of these countries operate deposit systems for domestically produced beverages, ensuring local brands have a defined end-of-life plan. Imported South African brands, however, are sold in large quantities without return schemes and are far more common than domestic brands in dumpsites.

The harm is clear in our research. In Malawi, for example, we documented the risks of glass waste at Blantyre’s Mzedi dumpsite, where heaps of imported bottles pose a serious hazard – frequently causing cuts and injuries – to waste workers and informal pickers16,17 (see Figure 1). Glass at Mzedi is the most problematised waste fraction, deemed worthless and feared by workers and nearby farmers who lack protective equipment and are exposed while navigating or cultivating the site.18 While further research is needed to quantify imported versus domestic glass in landfills, field observations suggest a stark imbalance: domestic bottles under Malawi’s DRS are rarely seen, while South African imports dominate.
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Figure 1: A pile of empty South African beer bottles at Mzedi dumpsite in Blantyre, Malawi.



This challenge is also evident in protected areas and tourist destinations. At Cape Maclear, on Lake Malawi’s shores, poor waste services have led to the dumping of plastics and tins, but persistent glass shards – littering paths and collecting in low-lying areas – are the most visible and harmful.19 Glass waste is rare in most rural communities as domestic brands are included in Malawi’s DRS and imports are costly. However, in Cape Maclear, imported brands are more accessible, and tourists are less sensitive to price differences. As a result, environmentally sensitive areas have become dumping grounds for South African bottles.19,20 Some solutions have been tested, including crushing glass and using it in sustainable building materials.21,22 Likewise, at tourist hubs like Victoria Falls, local artisans repurpose unreturnable bottles into crafts and homeware for use or sale.23 Yet these efforts divert only a fraction of waste and largely address symptoms of a broader systemic issue.

Costs and benefits of an expanded DRS

As the costs and benefits of a nationwide DRS are debated, South Africa’s exports must not be overlooked. A comprehensive mandatory DRS that includes exported bottles could deliver major environmental and economic gains for both South Africa and its regional neighbours. It would promote the return, cleaning and reuse or recycling of bottles, reducing demand for virgin glass and cutting associated emissions and energy use. A well-structured DRS could also drive job creation in waste and recycling sectors, supporting employment across urban and rural areas. Informal waste pickers – vital to the region’s recycling systems – could benefit from a more stable and predictable, incentivised return system. For neighbouring countries, a regional DRS could help address persistent recycling challenges. Many lack the infrastructure to manage large volumes of glass waste. Linking their efforts with South Africa’s system could enable cross-border returns and processing via an organised mechanism, improving recycling rates and easing financial pressure on countries developing their own systems.

However, several barriers must be addressed. Coordinating returns across borders is logistically complex, and requires alignment between governments, producers, retailers and waste managers on deposit values, return points and tracking. Fraud is another concern – international DRS examples show issues like multiple refunds or entry of non-deposit bottles.24 South Africa would need verification tools such as barcoding or digital tracking. A regional framework covering exports could mitigate these risks through processing in South Africa or future harmonised systems. Finally, consumer participation is essential. Public education and easy access to return points are key to high uptake. In countries where returns are not the norm, targeted campaigns and incentives will be crucial for adoption.

Towards a regional DRS?

Taken together, these observations point to the need for a coordinated regional approach. Implementing a nationwide mandatory DRS in South Africa is complex – and extending it regionally adds further challenges. As national discussions progress, we must also consider what a regional DRS could entail and which questions require urgent investigation:


	•
What are the impacts of glass exports on trade partners? While anecdotal evidence highlights harm in countries like Malawi, the scale remains unquantified. What types of harm occur, and to whom?


	•
What can South Africa learn from global DRS models? Which design features are best suited to its social, economic and institutional context?


	•
What legal and regulatory changes are needed to mandate national DRS participation, and how can this align with provincial structures and policy on extended producer responsibility?


	•
What infrastructure exists, what is lacking, and how can the informal sector be integrated without displacement or exclusion?


	•
What digital technologies are viable for container tracking and fraud prevention in a South African and regional context?


	•
How do southern Africans view DRS, and what incentives or messaging would drive participation?


	•
How can South Africa collaborate with SADC (Southern African Development Community) partners to align DRS policies and infrastructure? What is the role of regional bodies?


	•
How can DRS reinforce existing recycling systems and contribute to broader circular economy goals for other materials – both domestically and regionally?




Including exports in a national DRS will require a phased collaborative approach involving government, industry and regional partners. Despite difficulties, a regional DRS could improve waste management, create jobs and reduce environmental harm. With the right strategy, South Africa can lead a regional shift toward circularity – in which glass is recovered, reused and recycled rather than dumped, and waste becomes a shared resource rather than a cross-border burden.
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