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A brown hyena (Parahyaena brunnea). Brown hyenas are found in Angola, Botswana, Namibia, South Africa and Zimbabwe, with almost one-third of the global population occurring in Namibia. Ramello and colleagues describe the spatio-temporal behaviour of the brown hyena in the Fish River Canyon, Namibia.
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This year has been an important one for South Africa’s leadership in science. Our country hosted the S20 meeting, centred on the theme of ‘Climate Change and Well-being’. Many South African scientists and science administrators worked very hard indeed to make this important meeting successful, productive and inclusive. All South African scientists, and all South Africans, owe those involved our gratitude. The final statement resulting from the S20 meetings was endorsed by all members.

The Academy of Science of South Africa (ASSAf) was central in the S20 meetings, and hosted the secretariat for the meeting. Our own journal, which is the key journal published by ASSAf, holds a particular responsibility to take the lessons of S20 into the future, and to serve as a forum for publication (subject, of course, to our regular editorial policies and processes) on the S20 theme. Our core identity as an African, multidisciplinary and open-access publication makes us uniquely positioned to advance contextual work on climate change and well-being. As some of our recent special issues show (see, for example, Sustainability Science Engagement and Engaged Sustainability Science, Sustainable Food Systems and How to do social distancing in a shack: COVID-19 in the South African context), along with many stand-alone contributions, applying the best science contextually, and with the benefit of multiple perspectives and approaches, seems key to dealing with difficult and complex societal problems and issues.

ASSAf plays a key role, through its many outreach and other activities, in bringing science to society and society to science, and increasing and diversifying the voices heard in debates about what science is and should be in our context. There can be no question that an ‘ivory tower’ approach to science and knowledge, where expertise rests just with a small group, does not make for the best applied science – multiple voices are needed. In a country with a not very distant history of systematic and legislated segregation and exclusion on the basis of race, gender, class and disability, to name just a few points of exclusion, the need to broaden participation is all the more obvious and urgent. This poses both opportunities and challenges for a journal like ours.

The opportunities are manifold, and as a journal we have over the past few years encouraged wide-ranging and multidisciplinary debates on a range of pressing social issues, as witnessed, for example, by our Discussion Series, explicitly designed to host a range of viewpoints on contemporary topics. We have also expanded our support for new and emerging authors and peer reviewers1, with resources on these topics available gratis through our YouTube channel, to name some of our interventions.

But the challenges are equally important. In a global political context in which right-wing populism has become associated with anti-science views, including views on climate change and on vaccination, for example2, those of us involved in science, science communication and science participation, need to be equally aware of the complexity of the task of embedding science-based evidence in broader social campaigns. Without an informed understanding of questions around politics and participation, science engagement, so key to the S20 theme of ‘Climate Change and Well-being’, can also go very wrong.

Scientists throughout the world are aware at this time that right-wing authoritarian regimes can, and do, create social environments in which there is an erosion of a common understanding of what is the truth, and what the procedural and evidentiary bases are for agreeing that something is a fact or not a fact. But it is imperative, in the context of complex multilayered problems, to recognise that there is also value in hearing and trying to understand different perspectives on these problems. Unintended pitfalls can include, for example, co-option of community-based and other organisations in the service of bolstering our credibility as scientists serious about social issues. Especially in a society as unequal as ours, and where poverty is rife, relatively small incentives for community organisations to work with scientists may implicitly encourage these organisations to comply with agendas they did not set and do not want. Finding a compliant voice from what is loosely termed ‘the community’ is not respectful of the complexities and contestations of multiple voices in communities. We need to think about who is saying what, to whom, in what context and why. There are also issues of staging and performativity in community engagement. Sometimes scientists and community activists, whether consciously or not, may play to a co-constructed script of initial hostility and contention, with heated argument, followed by a rapprochement aligned with the views and interests of those who, not uncommonly, have the funding and other resources to stage these events – the scientists. Even more complicated and challenging is the question of who speaks for whom and on what basis various actors claim legitimacy, not only for themselves as players but also as representatives of (sometimes notional and constructed) larger groups. It is a truism of community-based research and the working even of Community Advisory Boards, however important and necessary these may be in community-based science, that these boards, by their very nature, may represent people who are not typical of communities. This atypicality may be present at the outset of a study, by virtue of board members possibly being more articulate, engaged and empowered than others to begin with. Board members may also become less and less representative of communities, less and less like those they supposedly stand for, as they become more absorbed in the scientific process.3

The issues we mention above are just examples of the challenges. Part of our responsibility as a multidisciplinary journal is to be as rigorous in our interrogation of what are often the best-intentioned participatory and community-engaged endeavours, as we are about the best-intentioned ‘hard’ science. For this, we need the benefits of multiple disciplines. Research using inferential statistics is built on the best of scientific scepticism – we need to know that our findings are unlikely to be due to chance. Similarly, rigorous social science approaches will not take at face value declarations that work presents or uses ‘the voice’ of communities or marginalised groups. Good social science interrogates, explores, considers alternative explanations, and questions even what the researchers themselves hold to be true. For good work to be done on questions of climate change and well-being, we need rigorous and transparent methods in all domains. We invite and continue to welcome submissions which show this rigour.
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On 27 May 2025, South Africa’s engineering fraternity lost one of its most influential and steadfast pillars — Robert ‘Bob’ Alexander Pullen. His passing leaves a legacy of institutional leadership, technical excellence and dedicated service to the built environment and the communities it supports.

Bob Pullen was born on 2 December 1939 in Benoni and spent his formative years in Rustenburg, where he matriculated in 1957. He went on to graduate from the University of the Witwatersrand (Wits) in 1963 – a milestone that would mark the beginning of a lifelong journey of scholarship, practice and service. He completed his MSc(Eng) degree under Prof. DC Midgley. In 1964, he took a position as research engineer in the Hydrological Research Unit at Wits. In 1969, he joined the Department of Water Affairs in the Planning Division. He joined Steffen Robertson & Kisten in 1982. Over the years, he would come to be recognised not only as a brilliant civil engineer, but as a statesman of the profession, bridging technical, regulatory and institutional needs with vision and integrity.

Professional journey and contributions

From the early stages of his career, Bob positioned himself in roles that spanned technical engineering, policy, regulation and professional governance. As a consulting engineer, his expertise lay primarily in water resource evaluation and development, hydraulic engineering, and environmental and institutional management – disciplines that demand not only technical skill but the capacity to see systems, impacts and long-term sustainability intimately entwined.

One of his signature contributions was his involvement in the editorial and technical work behind the 1986 Department of Water Affairs document ‘Management of the Water Resources of the RSA’, colloquially regarded as South Africa’s ‘water bible’. In that role, he helped shape national policy frameworks on water management that would endure for decades. He also played a central part in investigations of major floods, the development of national flood management policy, and in legislating disaster and environmental planning in South Africa.

This technical foundation and his reputation for fairness and consensus-building naturally led to roles of governance and professional regulation. He served on the Council of the South African Institution of Civil Engineering (SAICE) from 1972 until 1997, and in 1989 he was elected President of SAICE.

However, his most enduring institutional impact may have been at the Engineering Council of South Africa (ECSA). Elected unanimously, Bob served three terms as President from 1994 to 2006 and continued as Vice-President until 2008. Under his guidance, ECSA navigated a period of transition in South Africa’s constitutional order, culminating in the promulgation of the seven Built Environment Professions Acts in 2001 – legislation that harmonised the regulatory framework for engineering and allied professions in the new democracy.

In recognition of his service, Bob was named an Honorary Fellow of SAICE and was awarded a Gold Medal by Wits University (through its alumni/honorary degree citations).

In 2009, Bob was honoured with the National Science and Technology Forum (NSTF) Award (Category C) for his contributions outside pure research, in policy, regulation and professional practice – underscoring his impact beyond academia into the broader science, engineering and innovation community.

His influence extended beyond national boundaries. He served as past President of the South African Academy of Engineering (SAAE), and was, for many years, Chair and champion of ECSA’s role in transforming South African professional regulation.

Leadership, philosophy and legacy

Bob Pullen’s professional ethos balanced technical depth with institutional wisdom and a strong moral compass. The late Dawie Botha, SAICE’s Executive Director, said in 2014, that Bob warned against the commodification of professionals – the risk that engineers might be judged by the bottom line rather than the excellence and integrity of their service.

His knack for diplomacy, fairness and consensus – traits often praised by his peers – allowed him to navigate contested policy landscapes and bring multiple stakeholders into alignment.

Bob was also ahead of his time in embracing the overlap between the environment and engineering. Even before ‘sustainability’ became a buzzword, he promoted the idea that environmental systems must be integrated into engineering decisions and that the built environment must co-exist responsibly with nature.

His service extended to mentorship, institutional capacity-building and nurturing the next generations of engineers. Whether in SAICE’s institutional programmes, ECSA’s regulatory evolution, or academia’s links to practice, Bob was a bridge-builder. He served as a member of the SAICE Council from 1972 to 1997, was elected Honorary Fellow in 1996, and awarded SAICE’s prestigious Gold Medal in 2001.

His retirement from active governance did not diminish his influence; his counsel remained sought and respected.

Role in South African Academy of Engineering

Bob Pullen’s contributions to the Academy of Engineering were both substantial and sustained.


	•
He was elected as a Fellow of the SAAE – Independent Civil Engineering Consultant: Water Resources Development, Environmental Impact Management, Programme and Project Management, Mentoring of Young Professionals.


	•
He served as President of the SAAE for a two-year term covering 2014–2015. Under his Presidency and leadership, the Academy aligned itself with its mission to mobilise the collective wisdom of eminent engineers in South Africa “in the interest of the public, not in the interest of its members.”


	•
Bob also continued his involvement after his term as President. For example, in later years, he served on the Executive Committee in the capacity of Past President/Treasurer.


	•
Beyond national work, as part of the SAAE, he participated in international engineering academy networks; for example, Bob represented the SAAE at the Council of Academies of Engineering and Technological Sciences (CAETS) Convocations.




Bob’s SAAE role was a senior institutional leadership one – beyond being a member or contributor, he stepped into presidency and governance, helped position the Academy within national and global engineering discourse, and thereby helped shape an institution aimed at engineering and policy advice in South Africa.

Personal and community life

Behind the titles and achievements was a man of quiet determination, humility and integrity. He was known to be supportive, approachable and generous with his time, especially to younger engineers seeking guidance.

In 1965, Bob married Dee Lawrence in Johannesburg; they had five children: three daughters and twin boys. Bob and Dee lived a full life in their community and affairs of their society. Bob was the golf captain of the Pretoria Country Club for a few years and served on the Club Management Committee.

In his later professional years, he served as Senior Specialist in Water Engineering at BKS (Pty) Ltd, contributing to policy, project oversight and mentorship within the firm.

He is survived by his family and the countless professional colleagues and mentees who carry forward his values of service, excellence and ethical stewardship of infrastructure and institutions.

[image: 113673_23544_Obituary_fig1]

Bob Pullen at the Inauguration of the 122nd President of the South African Institution of Civil Engineering (SAICE) in 2025 (image: SAICE).



A final reflection

In 1989, as SAICE President, Bob represented a leadership grounded in technical credibility, institutional engagement and a deep appreciation for the public good. Over the ensuing decades, he translated that ethos into architecting the regulatory and institutional scaffolding that would help South Africa’s engineering profession adapt, endure and serve more inclusively. He walked in the delicate intersection between engineers, regulators, academia and government, often quietly, often without fanfare – yet always with principle and impact.

His passing invites us to reflect on the attributes that sustain a profession through turbulent times: courage to speak truth to power, generosity to mentor, patience to build consensus, and fidelity to service over self. In honouring his life, the engineering community must also recommit to those ideals.

May his family and loved ones find comfort in shared memories and may the South African civil engineering community – SAICE, ECSA, academia, and beyond – continue to reflect on Bob’s legacy and carry forward the responsibility he so faithfully bore.
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I greatly enjoyed reading all the chapters of this book, and suspect that many other readers will do the same. Jansen has chosen as a representative sample a relatively self-contained group of South African researchers who could be said to be internationally somewhat ‘marginalised’ or ‘provincial’ but are remarkably competitive all the same. They are also settled in the complex context of their home country, making it possible to draw some additional conclusions about positionality in knowledge discovery. Each of the 22 authors has been asked to write their account in the first person, bringing focused subjectivity to bear on the intended objectivity of the topic of how new knowledge is generated in a large number of sometimes sharply contrasting disciplines.

Traditional scholarly disciplines have in recent times become conceptual and methodological silos as their individual knowledge domains have vastly expanded and even fragmented internally to create sub-silos; the minds of their practitioners appear to have become so ‘structured’ that perspectives are shuttered and restricted to one way of looking at the world. Advocates of ‘consilience’ (all disciplines are dealing with but one reality1) and of multi-, trans- and cross-disciplinarity, as well as ‘Mode 2 research’, have an uphill battle against the entropic forces that drive specialisation. Readers of this book (and I hope there will be many) emerging from their own thought-worlds will at times be impressed, amazed, puzzled or horrified as they encounter the pre-occupations of their fellow researchers in other disciplines. As they all have in common a basic degree of common sense and intelligence, they may consider the questions to which answers are sought as intriguing, ill-conceived, trivial or even pointless. Alternatively, they may believe that they are able to devise a different way to reach the answer to a question being addressed in a particular way in a different discipline. As just an example, they may be unhappy when a distinguished moral philosopher (Thaddeus Metz) seeks to determine “the meaning of (human) life” when over 8 billion people on earth each have their own unascertained view on the matter and the words ‘meaning’ and ‘life’ are undefined to anyone’s satisfaction in any case. Yet the scholar in question, through further reading and reflection, has been able to use the topic as a starting point for addressing, in a unique manner, important moral issues in multicultural human societies.

Some of the chapters (for example those of the surgeon Elmi Muller and the astronomer Justin Jonas) illustrate how technical breakthroughs (some ‘in the hands’ and some in high technology) are also ‘new knowledge’. Scrutiny of lists of Nobel Prizes will bear this out as well: a new technique can open the floodgates of the elaboration of expanded knowledge about natural processes or diseases. A good example might be drawn from Jansen’s citation of Frederic Holmes’s brilliant description of Sir Hans Krebs’s discovery of his eponymous metabolic cycle in the 1930s.2 Major advances in techniques have confirmed the cycle’s basic features but have permitted a massive elaboration of its workings in living cells in different situations and organisms, not the least being that the cycle often goes in the reverse direction when the emphasis is on growth and not on energy generation.3

Jansen’s concluding chapter is a masterly synthesis, drawing on all 22 chapters (including his own) to sort the main issues under appropriate headings, some of them ingenious neologisms. These sometimes overlap but are helpful ways of putting together the bigger picture of how new knowledge is sought and found in different disciplines. They are, respectively, the “classical model of scientific discovery” (but see below), differentiability, positionality, serendipity, non-linearity, indeterminacy, technicity, foundationality and pragmatism. This analysis seems to be the last word on the book topic, but two quibbles may be worth mentioning. Firstly, one essential heading is missing – disruptiveness – where one person or group doggedly bucks prevailing ideas to establish a new paradigmatic notion that will enable previously unsolved issues to be addressed (one author – Thulani Makhalanyane – discusses this issue briefly in his chapter.) Secondly, Jansen’s use of a clinical trial to exemplify the “classical model of scientific discovery” is not fully appropriate as it covers only those domains of discovery that deal with populations of similar but variably differing organisms. Much “classical” research, by contrast, deals with finding out how a particular process in nature works or, in the applied version, can be made to work reproducibly and efficiently to meet needs of many kinds. These discoveries are not so easily falsified by subsequent work in the Popperian or Kuhnian senses, but readily extended and elaborated upon to build a reliable edifice of knowledge.

It is noteworthy that Jansen, the immediate past president of the Academy of Science of South Africa, has overseen the conceptualisation and realisation of this book, with its remarkable assembly of contrasting chapters offering a genuine insight into the practice of science (in the broad sense of the word) in South Africa at the present time. This follows on the Academy’s production of The State of Science in South Africa in 2009, which includes comprehensive descriptions of the principal pre-occupations in the country in each of the major disciplines4, and the publication of Legends of South African Science in 2017, which provides vignettes of scholars who have received certain prestigious awards5. The three books complement each other admirably, each bringing out a different important aspect of the country’s overall knowledge-generating system.

I strongly recommend this very readable and significant book to all who are willing to widen their view, consiliently, to discover the world and its inhabitants and constituents in all their glory and complexity. They will agree with Jansen that the intrinsic value of research, grounded in deep knowledge and reflection and driven by curiosity, is its own reward irrespective of discipline.
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Written by South Africa’s most distinguished medical historian, Emeritus Professor Howard Phillips, this is both a richly illustrated and attractive book (available as a free download) and a well-timed, thought-provoking institutional history. More than this, A Widening Idea is also a subtly insightful analysis of the intertwined fates of the modern South African state (both apartheid and democratic), medical science research, the hard realities of paying for it, and contests over health policy.

Across six chapters, which correspond with different ‘eras’, Phillips takes us from the foundation in 1969 of the South African Medical Research Council (SAMRC) by the apartheid state through to 2022, with the COVID-19 pandemic still not quite over. He charts and assesses the legislative, organisational, financial and research trajectories of the numerous research units, institutions and groups under the aegis of the SAMRC over more than half a century.

The book opens with a reminder that statutory organisations such as the SAMRC are always dependent on the state for financial, administrative and political support. Unsurprisingly, their public documentation is likely to be burnished by a positive spin. Yet, a wider story is a truer and more transparent one, likely more helpful in an organisation’s assessment. Therefore, this book strives to show not only the SAMRC’s many important scientific and medical accomplishments, but also its “missteps”. This was made possible by consulting other sources, from archives and newspapers, and through the nearly 40 people interviewed by Phillips.

In its early years, the SAMRC was mostly compliant with apartheid ideology and goals. Since 1994, at notable times, SAMRC presidents have found it necessary to demonstrate the body’s independence from misguided state interference and, on occasion, its own Board. They did so by drawing on the authority of medical science to “speak truth to power”, crucially since the 1990s in service of a democratic society. Thus, the authority and legitimacy of the SAMRC has widened.

Lest you be concerned that the book is a hard slog of a read, I can reassure you that it has a healthy dose of what I have come to call ‘HP sauce’. It is written in prose that is sometimes sharp (in insight) and is peppered with puns that sometimes occasion a smile (or a wince), especially in the chapter titles and many picture captions, with the overall effect of adding interest and flavour.

Chapters 1 and 2 (1969 to 1985) cover the SAMRC’s origins and structure. Across the globe, World War II demonstrated the value of modern medical research to the state. Phillips states, unequivocally, that in South Africa this was to be in the service of “the creation of a white welfare state… informed by the latest ideas in Western science, medicine and technology” (p.4). An apartheid Parliament provided the bulk of the SAMRC’s funding. Afrikaans-speaking men dominated, English speakers were tolerated, and black South Africans only as “menial workers”. Even the conceptualisation of the research was based in scientific racism; the inhabitants of the country being understood as different peoples, with different illness aetiologies and needs.

Structurally, the SAMRC follows a hybrid model, with the research it funds being carried out by a mixture of ‘in-house’ or intramural institutes or centres and extramural research units, groups, and short-term researchers at a growing number of universities. Those institutions that were reserved for white people benefitted disproportionately in these decades. This has left a complicated legacy.

During the years of high apartheid, to 1985, the SAMRC gained in self-confidence, although its relationship with other bodies, including the Department of Health, was not without friction. Yet, increasingly, the research conducted showed greater complexity than this racially segregated state-imposed grid sought, and researchers at times showed agency, integrity and ambition. For instance, research into oesophageal cancer in the Transkei led to both scientific acclaim and successful preventive measures.

By the mid-1980s, the transition towards democracy was underway at the SAMRC as well as nationally (Chapter 3). Initially with the intention of reforming apartheid, there was a recognition that the “emphasis hitherto on pathological, clinical and laboratory-based research” was too limited to “overcome the country’s health challenges” (p.33); instead, the SAMRC widened its efforts to encompass primary health care.

The South African Medical Research Council Act 58 of 1991 reflected the country’s democratic aspirations, in the service of “the health of the population of the Republic” (p.49). As one health rights medical researcher was soon to note (p.71), however, it was necessary to get “the right combination of science, evidence and politics to succeed”. Getting these in alignment has proved tricky amongst economic restraints, sometimes bumpy politics, and drastic medical crises.

Reconstruction and transformation (Chapter 4) were the watchwords of Malekapuru Makgoba, Chair of the SAMRC Board from 1994 to 1998, and its President, 1998 to 2002. These were to be “grounded in the Constitution, and the best scientific values” (p.53). Phillips describes Makgoba’s terms as characterised by “transformative ardour”. The organisation was expected by the ANC and its alliance partners to set an example for other parastatals. Some transformation initiatives worked better than others.

Makgoba was responsible for driving the expansion of research, both scientific and socio-economic, into the AIDS epidemic, which at that time was escalating on a terrible scale. By the early 21st century, South African medical science researchers were no longer “contributors” to clinical trials for HIV vaccine trials, but “drivers” (p.59). Unfortunately, a vaccine breakthrough did not come.

Phillips deals judiciously with the clash over AIDS between Makgoba, Mbeki and the latter’s ideologically loyal but scientifically misguided health ministry. Makgoba stuck to his guns and insisted in words that today, a quarter of a century later, have resonance for medical and other scientists across the world: “… it’s not about who’s in charge of this country, it’s about what the evidence is saying” (p.62). In asserting the legitimacy of evidence-based medical research, the medical profession and civil society, notably the Treatment Action Campaign, had found their voice in speaking out for science – a further widening of the importance of the SAMRC.

AIDS and TB research became even more central, but so too did other areas of applied research – topics (to name but a few) included women’s health, children, rape, domestic violence, gun crime, and alcohol and drug abuse. Violence, it was recognised, “is a part of our country’s history” (p.67). Along with laboratory-based studies and findings, this long chapter minutely details dozens of innovative and important research projects and groups which, now being published in major journals and impacting policy debates within South Africa, widened the SAMRC’s reach nationally and internationally yet further. Even so, by the 2010s, the SAMRC was facing financial and other difficulties.

Chapters 5 and 6 account for almost half of the book’s pages, but only just a decade of time: 2012 to 2022. Over the previous 20 years, the SAMRC embraced both a public health ethos and a commitment to excellence in scientific research – an insight that contextualises the tough decisions of the two presidents in this eventful decade. Between 2012 and 2014, the SAMRC was helmed by Salim Abdool ‘Slim’ Karim, and from 2014, Glenda Gray. In seeking to “regenerate” the SAMRC, inevitably, both Karim and Gray had to ‘ruffle feathers’, and Phillips handles the testimony of critics with respect and tact. He is also measured in his accounting of the trade-offs made in accepting increasing amounts of international funding.

COVID-19 was a “stress test”, which the SAMRC survived, entering 2022 stronger and more unified (Chapter 6), albeit after some ‘headbutting’ with the government and, again, its Board. Its recommendations – such as restrictions on the sales of alcohol and tobacco – were not universally popular. Moreover, the excellent science it supported in identifying SARS-CoV-2 variants in 2020 and 2021 did not go unpunished, as unscientific international travel bans were imposed on South Africans.

A Conclusion provides a wrap-up of the multiple dimensions of the SAMRC’s widening horizons and achievements since 1969. Phillips ponders what the SAMRC’s motto will be in another quarter of a century’s time. Over that time, some of the struggles will be familiar, others immediate and new. The shocking, damaging and unethical yanking by the Trump administration of US support for international scientific and medical research, its ongoing undermining of scientific authority, and declining international funding for medical and scientific endeavours, mean that both the SAMRC and the South African government (now one of ‘National Unity’) must recalibrate, whilst remaining fast to their core commitments to medical science. As the SAMRC’s recently inaugurated President Ntobeko A.B. Ntusi explained in this journal in May: “Facing unprecedented threats, the South African health research enterprise must demonstrate its relevance, responsiveness, responsibility and resilience”1. That sounds like a fitting motto.
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Thomas Cousins’ The Work of Repair: Capacity after Colonialism in the Timber Plantations of South Africa is a profound contribution to contemporary anthropology and postcolonial studies. Focusing on South Africa’s timber plantations – particularly those in KwaZulu-Natal – Cousins unpacks the layered, lived experiences of plantation workers, revealing how people navigate histories of violence and the ongoing structural precarity of post-apartheid capitalism. Central to his inquiry is the concept of amandla, a Zulu term encompassing power, strength and capacity. Rather than approaching it as a simple political slogan or a generalised measure of ability, Cousins positions amandla as an ethical substance – a diagnostic and a method through which individuals sustain life, care for others and endure within oppressive systems.

The book’s intellectual and ethnographic force lies in its refusal to cast repair as either resistance or restoration. For Cousins, repair is not merely about fixing what was broken in the past, but about engaging in ongoing, relational acts of care, creativity and adjustment. Drawing on Foucault’s idea of ethical substance and Jasbir Puar’s critique of the biopolitics of debilitation, he explores how capacity is governed and distributed by corporate and state institutions. Simultaneously, he foregrounds how workers reconfigure this capacity in deeply personal, embodied and moral terms.

This argument is developed through rich ethnographic detail, rooted in extensive fieldwork with 14 women in the plantations of Shikishela and Mfekayi. Cousins uses these encounters to build a sociography of amandla – a mode of analysis that highlights how the work of repair unfolds not in grand gestures, but in quiet, often unseen acts of endurance and relational care. These encompass not only labour, but also eating, healing, praying and forming alternative kinships – practices that are both ethically charged and politically significant.

Each chapter of the book offers a distinct lens on the interplay between repair, capacity and postcolonial life. In Chapter One, Cousins examines labour power and bodily endurance, situating physical labour – like the arduous task of debarking trees – within broader questions of health, value and moral management. He details how nutritional interventions such as the ‘Food4Forests’ programme aimed to make bodies more productive, while workers themselves blended these with traditional practices of sustenance and healing.

Chapter Two extends this inquiry by historicising the plantation as a labour regime. Using the concept of topology, Cousins shows how power operates spatially and relationally, and how labour is reproduced through complex interactions between institutions, kinship and biography. The plantation emerges not simply as a site of extraction, but as a place where historical violence and contemporary neoliberalism converge – and where the work of repair continuously unfolds.

In Chapter Three, Cousins turns to umshado wokudlala, or the ‘game of marriage’ – a ritualised practice through which women critique and parody dominant norms of marriage, kinship and gender. This embodied, playful, and often queer practice allows participants to reimagine their roles and relationships, opening space for emotional sustenance and political reflection.

Chapter Four focuses on the use of curative substances that defy easy classification as either pharmaceutical or traditional. Here, Cousins situates the gut as a critical site of transformation, where healing is enacted not just biologically but ethically. In the context of South Africa’s HIV/Aids crisis, the ingestion and circulation of these substances reflect broader practices of relational care and the politics of bodily survival.

The final chapter, Chapter Five, brings together the book’s conceptual threads by exploring the social topologies of plantation life. Cousins identifies three distinct yet overlapping forms: colonial cartographies that shaped identity and space; networks of HIV surveillance that render certain bodies hypervisible; and the imaginative world-building of children. These topologies underscore how the plantation functions as a fractured terrain where labour, health and sociality are intimately intertwined. Rather than treating amandla as a fixed trait, Cousins presents it as a potentiality – a capacity that emerges through proximity, improvisation and shared vulnerability. This leads to his articulation of a vicinal politics of repair: an ethic rooted in immediate relations and the often precarious labour of sustaining life together.

In the conclusion, Cousins revisits the central claims of the book, reaffirming that repair must be understood as an ongoing, open-ended process. He offers no tidy resolutions. Instead, he asks readers to reflect on the incomplete, entangled nature of ethical life after colonialism. Amandla, as he shows, is not merely a form of resistance or an assertion of agency; it is a way of inhabiting the world – one that acknowledges both fragility and the capacity for renewal.

Methodologically, Cousins draws on a robust ethnographic toolkit, including participant observation, interviews, historical research and community engagement. His approach enables a textured and intimate portrayal of the plantation as a space shaped by corporate power, gendered labour, illness and care. The book’s engagement with theory is equally rigorous, weaving together Marxist, postcolonial, feminist, queer and actor-network perspectives into a fluid and grounded narrative.

In sum, The Work of Repair is a groundbreaking study that challenges static notions of power, resilience and suffering. Cousins redefines repair not as the undoing of damage, but as the careful and creative reweaving of life amid persistent harm. His work not only deepens our understanding of South African plantation labour but also broadens the scope of what anthropological scholarship can and should do. By foregrounding the voices and experiences of those often marginalised, this book offers a compelling argument for the importance of interconnection, inclusivity, and attending to the nuances of everyday life in ethically engaged anthropological inquiry. Ultimately, Cousins demonstrates how these everyday acts of repair, grounded in cultures of interconnection and inclusivity, offer valuable insights for theorising incompleteness and conviviality, not only in South Africa and other postcolonial settings, but globally as well. This is an essential text for scholars in anthropology, African studies and postcolonial theory – and for anyone interested in how people survive, care and imagine alternative possibilities in the face of systemic injustice.
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As the decolonial turn in the Humanities continues – both within former colonised and colonising territories – academia has been engaging with the troubling notion of how our epistemological positions are skewed in favour of the standards of the Global North. Life writing seems an ideal discourse from which to begin such interrogations, because of its historical position as being a literary avenue for marginalised voices to find expression. The volume Life Writing and the Southern Hemisphere: Texts, Spaces, Resonances (2024) sees multiple scholars considering the way that lives in the South are written and understood. Edited by Elleke Boehmer and Katherine Collins and forming part of the New Directions in Life Narrative series from Bloomsbury, this book sees a multitude of perspectives being considered and interrogated.

The book is divided into five sections, thematically arranged around conceptualisations of interpretations, spatiality, nature, sound and embodiment. The contributing authors focus on life writing within a number of southern countries: South Africa, Zimbabwe, Angola, Nigeria, Chile, Brazil, Argentina, India, New Zealand, Australia and Antarctica. The presence of Antarctica in this book adds a critically interesting angle, as this is a territory that is often forgotten in our discussions of issues of the Global South, as if its ‘southness’ is double – it becomes both geographically and intellectually the south of the south. That this edited volume clearly situates Antarctica into the discourse of life writing is an undoubted intellectual strength.

The introductory chapter of the volume takes as its starting point the perception that ‘the South’ is understood by people in the North as a place of natural beauty, distance and remove. The authors continue by making plain the issue at hand in how we conceptualise, construct and ultimately narrate lives, writing “southern geographies, histories and lives tend to be defined from a northern perspective” (p.1) and “with the legacies of colonialism including language loss and archiving practices that prioritize some lives over others, the ‘authoritative life’ still tends to be the northern life, as are the dominant historical narratives” (p.3).

In Chapter 1, Elleke Boehmer expands on the themes of vastness and distance, and argues that life writing serves as a potential mechanism for bridging the perceived distance between North and South. Emma Parker’s chapter considers how tactile objects hold life narrative meaning, and are used to inform the life writing of Janet Frame and Doris Lessing. Such an argument aligns in interesting ways with the position of archives within life writing narratives, and how the physical objects that a person leaves behind become sites of meaning and expression. This position is also taken by Katherine Collins in her chapter in which she discusses two artefacts in the Pitt Rivers Museum in Oxford, and reads the lack of information on the objects’ origins or creators through Boaventura de Sousa Santos’s theory of abyssal thinking.

A number of chapters engage with the life writing of Southern writers, and how these contribute new ways of conceptualising auto/biographical praxis within the Global South. Elizabeth Chant considers the writing about Antarctica by Chilean author and intellectual Francisco Coloane, and how his criollismo writing focused on realistic depictions of rural regional settings, rather than the romanticised images expressed in rural idealism. Priyanka Shivadas interrogates two life-as-told narratives, namely Mayilamma, which documents the life of activist Mayilamma from India, and The Town Grew Up Dancing, a text from Australia which narrates the life of Wenten Rubuntja in the Arrernte language. Shivadas considers how both texts utilise oral storytelling to create the life story of two prominent activists from the South.

The chapters by both Obari Gomba and Cristóbal Pérez Barra speak to the complexities of African identities, and how emigration further distorts these understandings. Gomba considers the memoir of Ken Wiwa, a Nigerian author who grew up in London, and how these two locales find tension in his understanding of himself in relation to his activist father who was murdered. Barra focuses on South African author J.M. Coetzee, who considered the importance of writing from the South. Barra writes that “Coetzee’s appeal is for the literary practitioners of the south to operate with little regard to the mandates of the northern metropoles” (p.115).

Spatiality is explored in the chapters by Archie Davies and Pablo Wainschenker. Both chapters consider space within South American life writing, with Davies interrogating how the spatiality of the Brazilian Northeast is present in the lives of Josue de Castro, Milton Santos and Beatriz Nascimento. Wainschenker’s chapter focuses on how Argentinian non-fiction creates a spatial imaginary of Antarctica.

Part III of this book considers the presence of water within Southern life stories. Charne Lavery’s chapter considers the presence of natural disasters in selected non-fiction by Amitav Ghosh, and particularly the links to the Indian Ocean. The chapters of Confidence Joseph and Tinashe Mushakavanhu relocate this area of interrogation to Africa. Joseph argues for understanding other ways of knowing through centring water within the writing of Meg vandermerwe, Lynton Burger and Pepetela, while Mushakavanhu unpacks the centrality of the Isis River in Oxford, the Rutsape River in Zimbabwe within the fiction of Dambudzo Marechera.

In Part IV, Antarctica is considered as a space of sonic and imagery expression. Joanna Price considers the concept of ‘intimate immensity’, and how the study of plankton evokes this concept in the works of poet Chris Orsman, photographer Jane Ussher and installation artist Judit Hersko. Sound and Antarctica are considered in the chapters by Carolyn Philpott and Elizabeth Leane, through the importance of music for the members of the Australian Antarctic Expedition of 1911, and the life of Sidney Jeffryes, who was the wireless operator on that expedition. Lewis Williams speaks to their own desire to explore the Antarctic, and utilises their poetry and diary entries of their experience of eventually visiting the area.

The final section of the book considers the body in life writing, as well as autoethnographic approaches to narrating the self. Sarah Comyn and Porsche Fermanis consider the body enslaved and in a fugitive space, through the life of Xhosa activist David Stuurman. Comyn and Fermanis further consider Stuurman’s life as one recorded from Northern perspectives, and how he was unable to speak directly to the historical record of his life. Isaac Ndlovu considers the intersection of fact and fiction in Melina Rorke’s narrative of her own life as a white settler in Bulawayo in Zimbabwe.

The final two chapters of the book utilise self-reflexive mechanisms to consider life writing in their authors’ own works. Louis Rogers considers the play Two-Body Problem as a form of inadvertent autobiographical exploration, and Khutso Mabokela is able to tackle her own experiences of hope and trauma in post-apartheid South Africa through her autofictional short story ‘Mogau Grace’.

This edited volume therefore provides interesting and thoughtful additions to the growing discourse on Southern epistemologies and ways of being. I would argue that the project from which this book emerged is a vital one, and one with which scholars of life writing need to continuously engage, and re-examine their positions therein.
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Skosana examines coal mining as a contemporary form of land dispossession in South Africa, showing how its impacts extend beyond economic loss to the removal of ancestral graves and the severing of spiritual ties to the land. Drawing on empirical evidence from Tweefontein and Somkhele, she demonstrates how mining-affected communities experience not just the material loss of land, but also the erosion of social and cultural life rooted in place. She argues that loss is “intangible and immeasurable and not simply material” (p.5), challenging dominant land reform discourses that treat land primarily as an economic asset.

One of the book’s central interventions is that dispossession is not a historical event confined to colonial or apartheid eras, but an ongoing process. This position resonates with Rosa Luxemburg’s1 notion that primitive accumulation is continuous, not an event of the past. For Skosana, dispossession extends beyond the living: the dead are also displaced. Alongside works like Nkosi’s2, which also links the land question to the dead and the unborn, graves, she argues, are “not about the physical space, but also about the sacred and spiritual connections families establish with their ancestors at birth, over time and during burials” (p.5). When mining companies exhume graves for mining, these connections are ruptured, denying the dead a resting place. As such, the exhumation and desecration of graves for coal mining is an aspect of dispossession. Skosana adds that the dead having no place to rest is not only a spiritual question, but also a matter of belonging and citizenship. At the heart of this continuation of dispossession of African people, what Atuahene3 calls “dignity takings”, is the weakness of the law. Skosana argues that the Mineral and Petroleum Resources Development Act 28 of 2022, rather than protecting communities, facilitates conditions for present-day dispossession. She attributes this to the neoliberal orientation of the state, which, in collaboration with mining companies, prioritises capital accumulation over community rights. Coal, she observes, is South Africa’s paradox: it is promoted for economic growth, yet the primary beneficiaries are corporations, while working-class communities bear the costs.

Another key thread in the book is the role of traditional leaders, who, in collaboration with the state, are implicated in commodifying ‘communal’ land. Skosana documents cases where consultation with land rights holders is inadequate or absent. In situations in which residents refuse relocation, mining companies often make their living conditions unbearable. She notes that mining companies study the socio-economic conditions of host communities, often assuming that rural areas are defined by poverty and thus in “need” of development. This framing justifies dispossession as a benevolent intervention.

The book offers a vivid, empathetic portrayal of people’s experiences in mining-affected areas. Through interviews and testimonies, Skosana captures the pain of losing not only a home but also a connection to ancestors.

While the book makes valuable contributions to scholarship on graves and dispossession, some conceptual areas remain underdeveloped. Skosana uses the term ‘community’ without unpacking its complexities. In her narrative, ‘community’ often appears homogeneous, obscuring internal differences and dynamics, including gendered impacts. The limited conceptual clarity also applies to her use of ‘belonging’ and ‘citizenship’. Similarly, while the racialised nature of dispossession is acknowledged, it is not explored in depth. The experiences she documents are racialised, rooted in a long history of dehumanising African people. Yet this structural and historical dimension is overshadowed by the focus on legal weaknesses, which risks underplaying the broader patterns of violent racial capitalism shaping these events.

Skosana’s positioning in the literature is ambitious but overstates some of her claims. In particular, she asserts that earlier scholarship on South African society did not connect dispossession with disruptions to spirituality and humanity, or that it treated dispossession as a thing of the past. She neglects a substantial body of research in South Africa and the Global South that has long made these connections, such as Saccaggi4 on protection of ancestral graves and Shipton5 on mortgaging ancestors. Works on the “new scramble for Africa”6 and post-apartheid farm evictions7 explicitly examine ongoing forms of dispossession. Engaging more deeply with these debates and with comparative cases beyond South Africa could have bolstered Skosana’s intervention.

One of the book’s engaging sections is its use of Sol Plaatje’s reflections on Africans’ loss of belonging after the 1913 Natives Land Act. Skosana draws a direct line between Plaatje’s lament that Africans had “no place to rest” and the present-day reality of mining-induced grave relocations. This historical continuity is compelling, underscoring how the denial of a final resting place reflects enduring dispossession. However, Skosana implies a gap in scholarship since Plaatje, thus overlooking the substantial body of literature that has engaged, extended and debated his ideas over the past century. This leap from 1916 to the present flattens a rich intellectual history.

Despite these critiques, the book is a timely and important contribution. In the context of South Africa’s dominant land debates, which are overwhelmingly productivist, Skosana expands the terrain of the land question in ways that are as urgent as they are overdue.
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In 1989, I was tasked with reading Discipline and Punish1 as part of my university studies. I didn’t understand a word of it, so I elected to write my final essay on some other, more accessible text. Decades later, I returned to Foucault and found myself more ready to engage with the ideas he presents. While the key focus is on prisons, he elucidates how surveillance is used more broadly to control populations, and he argues that metrics are often called upon to justify tactics of discipline and punishment. The metrification that Foucault is interested in is not just about measuring activities – it is about shaping people into docile bodies that accept the imposition of routines and requirements because these measurements are understood to be neutral and objective.

While I found all of this to be a lot more understandable in my late fifties than I did in my early twenties, to be frank, I still battled to think through how his evidently powerful ideas could help me make sense of the metrification of higher education. This quandary was entirely resolved through my reading of Shore and Wright’s new book, Audit Culture.

Goodhart’s Law states that when a measure becomes a target, it ceases to be a good measure. Audit Culture provides a detailed account of how this law plays out within higher education, the accounting industry, and the health sector. As more and more metrics are implemented to measure efficiency, so it is that what is measured is no longer an indicator of current reality but rather becomes a goal. And all resources – material and human – are then directed towards the achievement of that goal.

In my view, Shore and Wright’s wide-spanning interrogation provides a compelling argument for an addendum to Goodhart’s Law: when a measure becomes a target, unintended consequences antithetical to what was being measured in the first place will always emerge.

Their book traces the extraordinary rise in the use of numeric performance indicators to manage organisations and govern populations. But, as Einstein supposedly said: “Not everything that can be counted really counts and not everything that counts can be counted.” In a world where decisions are increasingly made and rewards frequently allocated on the basis of numeric counts, there is a great concern that whole sectors will simply ignore vital practices that resist metrification.

Shore and Wright’s book meticulously traces how the techniques and rationale of financial accounting have come to dominate almost every other sector of society, including higher education. The irony of borrowing from this industry is that, as Shore and Wright show, the ‘Big Four’ – KPMG, PWC, Ernst & Young, and Deloitte – have repeatedly been implicated in producing clean audits for “dodgy” businesses. And they earn the bulk of their money from consulting rather than auditing, suggesting significant vested interest and, at times, actual conflict of interest.

While tales of the Big Four and the other case studies in this book, such as the disastrous instrumental rationality of the National Health System in the UK, are illuminating, it is the book’s discussion of metrification in the university sector that will be of most interest to SAJS readers. Audit Culture demonstrates what happens when universities, swept up by trends in industry and the state, begin to count everything and disregard those activities that resist measurement and tabulation.

The belief that complex social practices can be reduced to simple numbers using proxy metrics was widely unthinkable up until the middle of the last century. Indeed, Edwin Slosson, in his widely read book, Great American Universities2, published in 1910, indicated in regard to his own minor use of quantitative data: “In presenting these diagrams and statistics I do not wish to be understood as giving them an exaggerated importance. The really important things are incommensurable and uncountable.”2 Sadly, such cautions seem long gone.

Shore and Wright are quick to point out that metrics themselves are not the problem. Many metrics allow us to get a bird’s eye view of an issue, in ways that can assist in “reducing poverty, improving health outcomes, and minimizing risk”. But we need to be wary of the almost ubiquitous lazy assumptions about numbers and the problematic everyday notion that numbers are both neutral and truthful.

Shore and Wright remind us that “weighing a pig does not make it grow fatter”. Indeed, constant weighing can cause harm. Most people working in academia today bemoan the amount of time they spend on metaphorically weighing the pig, often in order to generate numbers which seem unrelated to any meaningful aspect of the world of research and teaching.

The most obvious example of metrification in the sector is the university rankings industry, which attempts to measure international standing through the addition of arbitrary metrics. Shore and Wright suggest that this has effects across three scales: “the whole sector is reorganized in pursuit of competitive advantage; each organization is repurposed around the targets and incentives; and every individual is impelled to concentrate on ‘what counts’”.

The premise underpinning institutional rankings and the individual performance measurement that occurs within the academy is that all aspire to undertake a generic set of activities, and that staff and institutions are in constant competition with each other. National funding systems, swayed by the ranking industry, increasingly reward a narrow concept of performance, which then pushes all universities towards those activities. This then leads to the neglect of many of the activities that elevate a university to be a place of higher education serving a common good, and instead positions our institutions as competitive training centres.

Shore and Wright’s book outlines the process whereby university governance-by-numbers led to an increase in managerialism, in which workers are constantly monitored and only immediately measurable and profitable activities are deemed worthy. The rise in managerialism takes various forms, including the emergence of new players in the academy: risk management directors, quality assurance managers and legal teams, for example. Beyond the university, we also see the emergence of new organisations, often state funded, such as those responsible for ‘quality assurance’, ‘teaching excellence’, ‘research excellence’, and more.

Multiple examples of spurious uses of metrics within higher education are revealed in Audit Culture – from the conflation of a journal’s impact factor with the quality of an individual academic’s publication to the use of untrustworthy ‘reputation surveys’. But Shore and Wright’s text is not without some wry humour. Many examples of this humour are of the ‘You couldn’t make this up’ variety. Such as the story about the director of the ‘International Gaming Research Unit’ at Nottingham Trent producing one paper every two days. Or the Kafkaesque case of Dame Marina Warner’s taking on the chair of the Man Booker International Prize, which would seemingly bring status to Essex University where she was employed, but, as their performance metrics did not have a category for counting such an activity, this was deemed to be a punishable dereliction of duty.

In a nutshell, the logic of efficiency through metrics seems to produce a “spiralling regress of trust” with the consequence that individuals are being actively encouraged to work to rule, always watching over their shoulders, and, when faced with their own human error, will attempt to cover up their mistakes or cast blame elsewhere. Given that human error and failure are vital aspects of innovation, embedding a culture of mistrust in a university has significant consequences.

Shore and Wright demonstrate how the implementation of various measures of quality and productivity ironically often leave problematic behaviours untouched. Those who are intent on rent-seeking and corruption sidestep the systems meant to constrain them. Those who are committed to the academic project, however, find themselves constantly under surveillance and drowning in bureaucratic legislation. And, because the implementation and management of metrics generally has a negative effect on “social relations and academic subjectivities”, dedicated academics in such institutions often find themselves feeling isolated and alienated.

And any unhappiness experienced by constantly audited staff is addressed through institutional wellness initiatives. The understanding is that low staff morale requires initiatives that boost commitment to the enterprise, rather than it being an indication of a problematic institutional culture. Thus, metrification has not only encouraged gaming, from grade inflation to publication cabals, but it has also enabled the belief that staff unhappiness emerges from problems inherent in them as individuals.

Because performance measures and league-table rankings have been so widely pushed by higher education, they have been accepted as common sense and the public focuses on the numbers without questioning their production. Unfortunately, these numbers have “provided governments with an extremely convenient tool for breaking apart the public sector and opening it to predatory financial interests and other non-traditional providers”.

We need to build public trust in science and in the academy. In many cases, university responses to a lack of public trust and increasing funding cuts have been to repeatedly promise industry-focused training and credentialling that we assure our ‘customers’ will enable social mobility. This serves no one particularly well, carves the knowledge from the curriculum, and limits the extent to which the university can be a public good. Audit Culture spells out how badly we have gone wrong in the academy by unquestioningly embracing metrification (and its managerialist consequences), but it also offers possibilities for a way out.

In the concluding chapter, Shore and Wright offer a set of practices that can be undertaken at the individual and collective level. These include examples of successes in pushing back against an institutional audit culture. This is a vital chapter because it is easy to feel paralysed by the hegemony of metrification and managerialism. Instead, the reader is left with a sense that we can turn this dangerous trend around, although it will take significant criticality and the forging of “politically reflexive practices” to do so.

This book builds on arguments that have been made by others who are equally concerned with the overreliance on numbers at the cost of engagement with the uncountable aspects of human activity. For example, like Shore and Wright, Muller in The Tyranny of Metrics3 also reflects on the overreliance on metrics in a variety of sectors, including higher education, health care and governments. He focuses especially on how these processes lead to the gaming of the system, whereby actors not only work towards the metrics (and ignore other responsibilities in the process), but they also work out how the metrics can be manipulated and misinterpreted and act accordingly. Muller echoes Shore and Wright’s clear stance that numbers can be extremely useful in gaining an overview of a complex problem. But in both of these texts, readers are cautioned that when metrics are used as a sole determinant of a phenomenon and when professional judgment and experience are not taken into account, gaming the system and working to the metrics will always result.

Even earlier than the accounts of Muller and Shore and Wright was Porter’s now classic 1995 text, Trust in Numbers: The Pursuit of Objectivity in Science and Public Life.4 Porter challenged the assumption that society’s obsession with metrics came from a spillover from the quantitative methods of the natural sciences. He argues that the political desire to control is at the heart of the metrification of society because decision-making by numbers has an air of objectivity and transparency, however flawed the numbers may be.

Porter argues that in many fields in the natural sciences (he reflects here on high-energy physicists), a great deal of value is placed on personal knowledge and creativity, and that these fields have a high degree of healthy scepticism in regard to the seeming objectivity of numbers. He accuses fields such as economics, sociology and psychology of having what he refers to as “mechanical objectivity”.

Perhaps you have also unsuccessfully attempted to engage with Foucault’s Discipline and Punishment, or perhaps you did better than me and made sense of his warnings about the increasing ubiquity of surveillance. And perhaps you have read Porter’s Trust in Numbers and Muller’s The Tyranny of Metrics. Regardless of whether the ideas of these previous authors are well-trodden arguments or new ground for you, I highly recommend engaging with Shore and Wright’s Audit Culture. And I urge us all to be a little more sceptical about the reduction of complex social activities into a set of numbers.
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A book on harnessing artificial intelligence for the development of the Global South could hardly be more relevant. In an era of stalling development, rising inequality, and profound climate crises, the promise of AI as a panacea demands rigorous, critical examination. We need public intellectuals to help us ask the right questions: Cui bono? Who benefits from this new suite of tools? And how can we ensure that the rollout of AI leads to genuine human betterment, rather than simply new forms of dependency and control?

Arthur Mutambara – roboticist, politician and head of the University of Johannesburg’s Institute for the Future of Knowledge – is well positioned to take on this monumental task. His 450-page tome, Artificial Intelligence: A Driver of Inclusive Development and Shared Prosperity for the Global South, is admirable in its ambition to provide a comprehensive guide for policymakers. The book attempts to serve as both a primer on AI applications and a development manifesto. Unfortunately, while long on ambition, the work is short on the analytical rigour and strategic coherence its subject demands, making for a deeply frustrating read.

The core problem is the book’s relentlessly formulaic structure. Across dozens of topics, the narrative follows a predictable and unenlightening pattern: a concept is introduced, its potential is extolled, and a few obligatory caveats are tacked on before moving to the next item on the list. We learn, for instance, that “nanotechnology is based on nanomaterials”, which “can revolutionise health”, but that “there are concerns over their interaction with the natural environment”. We are told that “value adding ought to be done” in the Global South, but “before this can happen, Africa must be decolonised”. One nods in agreement, yet is left unarmed with any new insight or actionable plan.

This ‘new thing, good thing, caveats’ formula reduces complex issues to a series of truisms. The book feels less like a sustained argument and more like an encyclopaedia of vaguely linked concepts. Discussions of Amartya Sen’s capability approach, the Human Development Index, and Bhutan’s Gross National Happiness Index are presented as a list of alternatives, with no evaluation or analysis of their connections or tensions. The reader is left to wonder: what is the point of learning that different development metrics exist? We were promised an argument, but are given a catalogue.

This lack of critical analysis is most apparent in the book’s unashamedly ‘pro-tech’ stance. The narrative accepts the Fourth Industrial Revolution thesis uncritically, flashing just about every buzzword available: blockchain, quantum computing, the Singularity, and the Internet of Things are scattered like flotsam. The phrase “data is the new oil” appears on pages 103, 136 and 149; similarly, allusions to a “brave new world” appear repeatedly, each time without a hint of the dystopian irony it evokes.

This uncritical lens leads to strange conclusions. In a 150-page chapter of country studies, China is presented as a model for the Global South to emulate. The text acknowledges China as a leader in domestic coercion through facial recognition, widespread surveillance and a social credit system, yet this is presented as part of a package from which to learn. Similarly, after a perfunctory review of AI’s potential benefits and risks in education, the inevitable conclusion is that schools across the Global South should change their curricula and adopt AI. The complex trade-offs are noted, but never truly weighed.

Further weakening the book’s intellectual core is a pervasive repetition that befuddles the reader, making them feel trapped as if in a labyrinth. Ideas introduced on one page are reintroduced on the next as if for the first time, while whole phrases manifest verbatim in different sections. One company is introduced three times. This frustrating sense of déjà vu both distracts from and compounds the book’s tendency towards vague dictums. A discussion of a large US tech company ends with the claim that “the Global South must have a piece of that pie”; yet the how and why are never explained. Claims are often left unsourced and unexplained; for example, a figure reports that AI has a potential benefit of “Cancer: 63%”, leaving the reader to guess if this means 63% of cancers will be cured, or something else entirely.

Ultimately, the book’s grand vision is undone by its reliance on injunctions. The author uses the word “must” around 800 times. States must be developmental, ministries must create vocational training centres, industries must follow pro-tech diktats. Page 95 alone contains the word ‘must’ 15 times. The effect is not of a strategic plan, but of a political speech from an opposition bench: one that can pontificate at leisure without the burden of implementation. In one particularly ironic moment, the African Union’s continental AI strategy is criticised for being a “laundry list without strategic coherence” – a charge that could easily be levelled at this book.

What should have been a landmark work is drowned by its interminable lists and numbed by its unending carousel of commands. For a book that tells the Global South what it must do on almost every page, this reviewer is left with only one word in response: mustn’t.
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Significance:

Generative artificial intelligence (AI) tools are rapidly changing research practice. Their responsible use can boost efficiency and support researchers, but misuse threatens research quality and trust. This Perspective outlines a framework for use encompassing key research integrity values like honesty, fairness and respect. This discussion adds to the growing body of knowledge on the responsible use of generative AI tools by offering safeguard practices to protect the integrity and reliability of the research record.








The genAI landscape in research

Researchers have an extensive range of generative artificial intelligence (genAI) tools from which to choose. Many have experimented with these tools, and others have started to integrate them into their daily research practice. There is emerging research on how to use and leverage these tools in different spheres of the research ecosystem. Equally, there has been an increase in publications retracted or flagged due to inappropriate or undisclosed use of these tools (almost 100 specifically linked to ChatGPT according to the Retraction Watch list1). But we have not paused to ask whether we should be making use of genAI tools? And if so, what approaches might we apply to leverage the benefits and protect against the pitfalls? Researchers should be adequately supported to enable the production of reliable, robust, trustworthy and quality research, and to find the right balance of genAI use for research. Here I consider whether applying long-standing research integrity values can be leveraged to apply a values-based, critical reflection approach for the use of genAI.

Researchers want a clear, easy yes/no answer outlining what can or cannot be done in terms of ethical research. As is often the case for research integrity, there is no single yes/no answer. Instead, we need to reflect and deliberate on a case-by-case basis as to whether the use of a genAI tool is appropriate and what risks might be present, before making use of any tool.

Hosseini and Resnick argue that:


the scientific and scholarly community has reached a broad consensus that a) AI tools can be used in research and to assist scholars in specific tasks, such as copyediting and data analysis; b) … and c) the use of AI tools in research should be fully disclosed to promote transparency.2



While it may be true that some consensus has been reached generally, I do not agree that there is consensus regarding the use of genAI for data analysis. Using genAI tools for data analysis comes with a range of benefits and potential risks that warrant further reflection. Hosseini and Resnick’s position of consensus relating to data analysis is undermined when considering reproducibility in research, remarking that “the outcomes of some AI tools such as genAI, are not always reproducible”2. We must reflect on where genAI tools might be used in research practice, whether this use is supported by research integrity values and whether the potential value in using the tools outweighs possible harms to the scholarly record.

Ethical and integrity considerations

Anecdotally, amongst potential users, there is a wide range of attitudes towards genAI tools. On the one hand, there is complete refusal to use any genAI tool based on concerns centred around intellectual autonomy, honing one’s academic voice and identity, coupled with concerns that genAI tools will become a crutch, and the loss of intellectual property to the algorithmic ‘black box’. On the other hand, there is an enthusiastic embrace of a range of genAI tools to facilitate ideation, support language and grammar editing, enable faster and easier data analysis, and enhance identification of references.

In my view, the answer to the question of whether we should be using these tools rests on understanding the risks associated with using the tools and weighing that risk with the potential benefits. We need to be aware of various context-specific rules that may (or may not) permit use, such as the policies of publishers. It requires us to deliberate and come to a use-specific decision. This needs to be coupled with an understanding of how to interpret and use the outputs responsibly, and what the consequences of irresponsible use might be. The human using the tool needs to assess whether the output is appropriate and can be used in a responsible way, and needs to take accountability for any use of genAI tools.

GenAI tools, based on large language models, have algorithmic prediction built in, and while this has proved to be immensely powerful, it must be coupled with responsibility on the part of the user. International legislation like the European Union’s AI Act (Article 14(2)3) requires that a human decides on the output of genAI and is accountable for it; South Africa does not yet have any equivalent legislation. Many research stakeholders are actively highlighting the role of human decision-making and accountability in the use of genAI tools. But considerations of risks related to transparency, reproducibility, explainability, data security, algorithmic bias, informed consent, copyright infringement, accessibility, production of synthetic knowledge and data, and the commercial interests of technology companies are less well considered and this means that we must err on the side of caution.

So, should we be using genAI tools in research practice? As is often the case with research integrity and ethics, it depends, and there is not always one easy answer that will fit all situations.

In general, research practice consists of a range of activities, starting with the conceptualisation phase and moving through data collection and analysis to writing up research results and sharing those results through dissertations, conferences and publications. Each of these phases presents opportunities for genAI to be leveraged – this can be done with an ethic of responsibility or with a disregard for ethical norms and standards. Use of genAI tools can occur on a spectrum (see, for example, Bekker4) rather than as a binary choice, and researchers should be equipped with responsible decision-making skills to enable them to make use of the tools in an appropriate manner. Data analysis warrants careful consideration.

Gen AI and data analysis

Data analysis uses many methodologies and is informed by the requirements of the discipline or research project. These uses can include statistical analyses, where algorithms and computer programs are regularly used to assist with analysing quantitative data sets. Bekker notes that:


for at least the past three decades, scientists have routinely used multiple regressions, typically executed by statistical software or a coding routine in a software library. [And that] Use of statistical software … requires a basic knowledge of statistics and data analysis.4



Uses can also include thematic analyses and multi-round review of qualitative data. When dealing with large quantitative data sets, often not containing personally identifiable information, consensus may well have been reached that genAI assistance with data analysis is permissible or even encouraged for reasons of efficiency and expedience.

Qualitative data may be less well suited to genAI data analysis. Traditionally, researchers review data multiple times, to develop a deep understanding of the data, the themes that arise and the context of those themes. A myriad of qualitative data analysis methods exists. The key is to be immersed in the data, so that rich insights and deep understanding of participant perspectives are gained. It is often the case that qualitative data contain identifiers and personal information. Scrubbing these data from a data set before ‘feeding’ it to a genAI model for analysis may well mean that the analysis that is performed is substandard and critical links that existed in the original data set are missed. And it requires heavy editing of transcripts that may lead to unintentional falsification of data, as a result of over-cleansing or extremely cautious removal of potentially personally identifiable information. The utility of genAI tools is likely limited in this context and potentially undermines the analysis of data.

Critical to the use of genAI tools for data analysis is disabling the function that retains the data in the ‘training black box’. The bare minimum for responsibly using genAI as a data analysis tool is ensuring that data are not retained by the tool to further train the models. Therefore, familiarity with how the tools function and how to disable certain settings is essential. This needs to be coupled with a well-justified reason that the benefits are far outweighed by the potential risks; expedience cannot be the only reason, especially with qualitative data. The risks of using genAI tools can range from bias in the analysis, loss of intellectual property (if a researcher does not fully understand how the tool works and where the data are stored), breaches of confidentiality (particularly if participants did not consent to their data being analysed by genAI tools), lack of reproducibility and breaches of data privacy laws (like the Protection of Personal Information Act, Act 4 of 2013.5 Some of these risks can be addressed pre-emptively (e.g. obtaining informed consent from participants) but others simply cannot be addressed (e.g. potential breaches of data privacy laws) and may therefore rule out genAI use completely.

It may be permissible, on the condition that no data protection laws are being breached and that informed consent has been obtained, for researchers to perform preliminary analysis ‘manually’ and then to ask a genAI tool to replicate that analysis on a redacted data set. This way, the human output can be compared with the genAI output, similarities and differences can be examined and assessed, and the human researcher can decide whether to make changes to the final analysis. In this way, the tool is a supplement to the human researcher, not a replacement – the human is the ultimate decision-maker and is accountable for the analysis of the data. This is in line with Bekker’s observations of the use of statistical analysis packages for quantitative data, and the need for the human to have basic knowledge of how these packages work and a working knowledge of basic statistics.

A values-based framework for responsible genAI use

Applying a values-based approach with critical reflection on key topics to the use of genAI tools, regardless of where and for what purpose they are used in the research process, could provide a productive framework for balancing risk and striving for high standards. The long-standing research integrity values I propose as framing values are: honesty, shared accountability, professional courtesy and fairness, good stewardship of research, mutual respect and epistemic justice. These values are drawn from the Singapore Statement on Research Integrity6, and the Cape Town Statement on Fostering Research Integrity through Fairness and Equity7. The scholarly community appears to be in general agreement about using a values-based approach to enable the responsible use of genAI in research practice. Many values put forth in other publications are aligned with those I have proposed and include transparency and disclosure, accountability and responsibility, addressing bias, critical evaluation, awareness of limitations, proper citation and data sensitivity, amongst many other recommendations.2,4,8 The framework which follows is an amalgam of these values, with descriptors for operationalisation and application.

Honesty

Researchers need to be transparent about the use of genAI tools, dis-closing use, where appropriate, and ensuring accurate identification and representation of genAI content. Researchers should keep careful records of how, which prompts, and which genAI tools have been used; some publishers may require that this be submitted as supplementary material.

Shared accountability and human decision-making

Research organisations should set clear standards for the use of genAI in a collaborative way, which is flexible enough to be applied in different disciplines and at different stages of the research process. Critical to shared accountability is the responsibility of the human researcher in taking moral and legal responsibility for the research outputs and willingly accepting the consequences for the research (positive or negative).

Professional courtesy and fairness

Researchers should disclose the use of genAI, and recognise the contribution of the tools, whilst still upholding the important role of the human contribution to conceptualisation, organisation, application of critical thinking and communication.

Good stewardship of research

Research institutions should ensure a robust data protection environment. Researchers are responsible for ensuring data integrity in their research, and for overseeing the ethical management of any genAI content and insights. Researchers should also be aware of the efforts of publishers to protect against problematic genAI content and should ensure their publications meet ethical publication standards.

Mutual respect

Researchers and their collaborators must proactively agree to genAI use, under specific circumstances, for specific purposes in research practice. Use may be different across disciplines and by individuals, provided proactive agreements are in place, this need not compromise the integrity of the research.

Epistemic justice

Researchers need to acknowledge that genAI “models may play a role in reifying conventional wisdoms, and in so doing, drown out marginal voices”4. Moreover, genAI models can be based on biased data sets, and are generally built by Western, Global North, anglophone epistemologies. This means that outputs based on a particular way of being and doing may overshadow other approaches, and risk intellectual or cultural homogeni-sation, particularly in scholarly communication. Given that many genAI tools mine data used in prompts, the dangers of inputting data which is of cultural significance for easy analysis are high and there is a risk of deepening epistemic injustice and undervaluing Indigenous knowledge.

To add to these six framing research integrity values, I encourage consideration of three key topics to round out the framework: context-specific evaluation, impact assessment and mitigation strategies. Reflection on these topics can enhance ethical decision-making when using genAI tools.

Context-specific evaluation

Researchers should assess the suitability of the genAI tools they wish to use, based on clearly understanding the data security measures in place, and what is permissible in terms of institutional, national or publication guidance, policy or legislation. Researchers are encouraged to constantly evaluate potential genAI tools against their current research and practice, and their intended use. This includes taking into account new developments related to genAI tools and policy or legislative environments.

Impact assessment

Researchers should engage with stakeholders (including participants, collaborators and the research community) regarding the potential impacts of genAI usage in the research process (e.g. potentially inputting personal information for data analysis). If the overall impact is potentially negative, then researchers will need a well-justified reason to use genAI in their research practice. Researchers should also consider the environmental impact of the use of genAI.

Mitigation strategies

All research stakeholders should implement strategies to minimise the risks of using genAI tools. These strategies can include a sound, responsive and context-specific policy environment, implementation of appropriate data management and security plans, adequate ethical review of research projects, requirements for transparent reporting practices, and environments which encourage researchers to regularly reflect on the use of genAI in research practice.

Applying these values encourages a culture of responsible research practice, where researchers leverage genAI tools while upholding ethical standards. This approach can foster trust, transparency, and accoun-tability in research. By adopting a values-based, critical reflection approach, researchers can make informed decisions about the responsible use of genAI tools, balancing innovation with ethical accountability.

Role in publication

Many publishers are outlining what they deem as acceptable use of genAI tools. The South African Journal of Science, for example, permits different levels of use; some uses must be declared and documented, while other uses (such as copy editing) need not be declared. In line with the values-based framework proposed, their policy emphasises the responsibility of the human in ensuring scientific integrity and being accountable for the publication.9

Some publishers are developing specific publisher AI tools. Elsevier has a range of tools which use publisher data to develop research summaries, identify gaps in research fields, and compare research questions and methodologies. These tools are created in-house by the publishers who have policies in place to engineer prompts to reduce bias as far as possible, and they are making use of the scholarly publication record. Elsevier, in an attempt to address concerns related to algorithmic opacity, note that they “can explain how [their] solutions work”10. Availability of these tools comes at a cost. And this raises questions of equitable access and leveraging the power of genAI to ‘level the playing field’, which is often cited as one of its most obvious benefits.

Springer Nature has developed tools specifically designated as ‘research integrity AI tools’, to identify potentially fraudulent references in manuscripts (e.g. hallucinations)11 and to detect problematic submissions (e.g. those written by AI, containing potentially fake information and data and to detect problematic images)12. Springer Nature’s development of bespoke tools is to assist editors and, more generally, to filter out ‘junk’, rather than to help researchers in their research practice.

Human decision-making in the use of genAI tools is critical to responsible use in research. And while I have tried to outline a framework for the responsible use of genAI in research, it would be remiss of me not to acknowledge purposefully irresponsible uses. Paper mills are a prime example of where genAI has the potential to exponentially increase irresponsible outputs. Paper mills are


unethical organizations that produce manuscripts at scale using derivative, copied, and/or fabricated text or data sets. Manuscripts can be sold to preexisting author teams or individual authorship positions can be sold before and/or after manuscript acceptance. Some paper mills may offer other services, including editorial handling and peer review, post-publication communications, and citations to their products.13



GenAI can be used to draft entire research articles, along with supporting data, that appear to be legitimate but are completely fabricated. Humans are driving these efforts, and the ‘publish or perish’ environment may tempt researchers to take the easy way out and purchase authorship or papers. These irresponsible practices are the result of human decision-making and putting genAI to use for nefarious purposes.

Conclusion

GenAI tools are shaping the future of research in profound ways. Asking the philosophical question of whether we should be making use of genAI tools was possibly naïve and maybe idealistic. The ship has sailed. But, striving towards working in an idealistic way may well serve as a map as we embark on the genAI journey. It is on us to reflect upon how we, as researchers, can use and guide the responsible use of genAI tools in research practice. Their integration into research practice necessitates a thoughtful and responsible approach. By leveraging research integrity values and the proposed framework, we can navigate the ethical complexities of genAI tools while fostering a culture of responsible innovation. There is no one-size-fits-all answer, but by maintaining the critical role of human decision-making, researcher accountability and transparency, we can responsibly engage with genAI tools.
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Significance:

Technological advances have elevated the importance of digital research infrastructure across the research life cycle. The growing complexity of the digital research infrastructure ecosystem has given rise to new standards, practices and job roles requiring unique and specialised skill sets. Research software is a critical component of this ecosystem. Despite the proliferation of research software initiatives across all disciplines in South Africa, a decade-old global movement to study and advocate for research software and its developers has been overlooked locally, resulting in missed opportunities. By actively engaging in international research software efforts, South Africa can benefit significantly and contribute meaningfully.






Research software as part of digital research infrastructure

Digital research infrastructure (DRI) is “a necessary foundation for advancing commercialisable innovation, the practice of open science and social benefits from innovation”1.

Global stakeholders have yet to consolidate the definition and scope of DRI. Abrahams and Burke1 identify the following five layers: network and connectivity; computational; data; research and innovation communication; and governance. The glue that binds these layers and provides seamless access to DRI is software, often developed in research contexts, specifically for research purposes. Several countries have released national strategies and dedicated significant funding to developing DRI ecosystems that enable a functional research, technology and innovation environment. Canada, the United Kingdom (UK), Australia and the Netherlands promote research software as a key component of DRI. Figure 1 provides an overview of the DRI ecosystem. It builds on the scientific software stack described by Hinsen2, underscoring the importance of research software and its role in enabling research across all domains to address local, regional and global societal needs.

[image: 113673_van_der_21437_fig1]

Figure 1: The digital research infrastructure (DRI) ecosystem highlighting software as an integral component.

Source: Elements of a typical software stack in scientific computing by Hinsen2 were included in this figure and are reproduced under a Creative Commons CC BY 4.0 licence.



Research software includes source code, algorithms, scripts, computational workflows, and executables created during the research process or for a research purpose.3 It is developed and used in all disciplines across the research life cycle, underpins research as a tool, and should be recognised as an explicit research output. DRI users (researchers, postgraduate students, and the public and private sector) often do not consider each layer independently. They require seamless access to DRIs to generate, store, share, manipulate, analyse and visualise data, collaborate with peers, disseminate their research findings and engage with the existing body of knowledge. Figure 2 shows the pervasiveness of research software across the research life cycle according to three high-level role categories into which research software can fall: (1) modelling, simulation and data analytics software; (2) proof-of-concept software; or (3) research infrastructure software.4

[image: 113673_van_der_21437_fig2]

Figure 2: Research software plays a critical role across the research life cycle. The three high-level role categories into which research software can fall – (1) modelling, simulation and data analytics software; (2) proof-of-concept software; (3) and research infrastructure software, as identified by Hasselbring et al.4 – were included in this figure.



Well-developed, sustainable research software provides ways to interface with and efficiently use DRIs. Efficient code can decrease the amount of storage used in analyses, the amount of bandwidth consumed when moving data sets, and the compute cycles utilised in data-crunching operations.

Global and local initiatives and communities

The UK Software Sustainability Institute (SSI), established in 2010, was the first organisation worldwide to focus exclusively on research software. The SSI has been instrumental in advancing research software practices, policy, funding and training and supporting the development of the first national Research Software Engineering (RSE) society.

The UK’s Society of Research Software Engineering was launched in 2014. Since then, Germany, Canada, Belgium, the Netherlands and the USA have also created national research software societies. Multinational societies include Australia and New Zealand, the Nordic countries and Asia. The Research Software and Systems Engineering Community of Africa, better known as RSSE Africa, was created in 2019 to build a network for skills sharing and discussions related to research software and systems in South Africa and beyond. The International Council of RSE Associations consists of representatives from the various RSE societies and provides space for them to connect and collaborate.

The Research Software Alliance (ReSA), established in 2018, is a global organisation that engages specifically with funders and decision-makers regarding research software. The steering committee consists of members representing the global research software landscape. ReSA follows a membership model, with current members including funders such as the Wellcome Trust, the Alfred P. Sloan Foundation, and the US National Institutes of Health, as well as research organisations such as the US National Aeronautics and Space Administration, the Netherlands eScience Center, and the Australian Research Data Commons.

As research software is a developing field, much of the work around establishing guidelines, standards and best practices occurs through working groups. Two such international groups include:


	•
FAIR for Research Software Working Group, which developed the FAIR principles for research software5 and


	•
Policies in Research Organisations for Research Software Working Group that brings together international stakeholders involved in institutional policy advocacy, development and implementation.




The research software landscape is becoming increasingly complex, with numerous events to join, activities in which to participate, and resources to adopt and contribute to. Figure 3 provides a slightly disentangled view of the ecosystem.

[image: 113673_van_der_21437_fig3]

Figure 3: Examples of institutional, national and global research software activities and initiatives offering opportunities for South Africa to collaborate, participate, learn and contribute.

SocRSE, Society of Research Software Engineering; HPC, high-performance computing; RSE, research software engineers/engineering; EVERSE, European Virtual Institute for Research Software Engineering; FAIR, findable, accessible, interoperable, reusable. Links to some of these resources and opportunities can be found on the RSSE Africa website at https://rsse.africa and in the reference list.



Various national and sub-national actors in South Africa provide services and infrastructure related to the different DRI layers. At a national level, the National Integrated Cyber Infrastructure System, managed by the Council for Scientific and Industrial Research, includes the Centre for High-Performance Computing, the Data Intensive Research Initiative for South Africa, and the South African National Research Network. Together with the Tertiary Education and Research Network, they aim to address needs around the network and connectivity, computational and data layers. The government launched the South African Research Infrastructure Roadmap in 2016, which provides “a framework for planning, implementing, monitoring and evaluating the provision of research infrastructures necessary for a competitive and sustainable national system of innovation”6. A recent working paper proposes the establishment of a national DRI platform to complement the work of the South African Research Infrastructure Roadmap.1 The National Institute for Theoretical and Computational Sciences, Data Science for Health Discovery and Innovation in Africa Initiative and Square Kilometre Array project are examples of large-scale national and regional initiatives contributing to the DRI and research software landscape. Universities and research organisations offer various DRI-related services, infrastructure, and training. Users can access institutional DRI resources via institutional information technology departments, libraries, research or postgraduate offices, individual faculties, or sometimes within specific research groups.

In 2023, the first South African Research Software Indaba was held in Cape Town to provide a platform for discussing the global research software movement and locally relevant opportunities and challenges. Invited organisations included funders, policymakers and representatives from research programmes in astronomy, bioinformatics, health, humanities, computational sciences, conservation and the environment.7 Importantly, the event highlighted the pervasiveness of research software-related activities (including research software development and maintenance, as well as related training, funding and policymaking) across participating organisations. Similar to global trends over the past decade, research software underpins a significant amount of research findings across the breadth of research in South Africa. Further studies are necessary to gain a complete picture of role players and their contributions.

Policies, funding and incentives

Internationally, funders and policymakers increasingly prioritise research software in funding mechanisms and policies. ReSA maintains a public database of research software funding opportunities.8 They also convene the Research Software Funders Forum, which provides a formal mechanism for sharing funding practices, understanding critical challenges within research software, expanding networks to identify collaboration opportunities, and exploring opportunities to achieve the long-term sustainability of research software. A key output of the forum’s annual International Research Software Funders Workshop is the Amsterdam Declaration on Funding Research Software Sustainability9, which has 43 signatories, with the Science for Africa Foundation as the only African signatory. The declaration aims to “raise awareness of the role of funding practice in the sustainability of research software and to improve that practice”9.

ReSA hosts a growing list of institutional policies10, offering a valuable starting point for organisations to develop their own. Additionally, Open Science Europe’s recommendations for developing research software policies provide helpful suggestions for research-funding and research-performing organisations.11

Globally, numerous awards have been launched to promote research software and celebrate the people involved. These awards are sponsored by governments directly (for example, the French Ministry of Higher Education and Research) or through governmental agencies (for example, the Australian Research Data Commons and the US National Institutes of Health). Paid fellowship programmes provide funding and access to mentorship, networks and recognition for research software developers; for example, the SSI’s RSE Fellowship Programme has supported more than 200 fellows.

In South Africa, several policies have been developed in the past decade to provide frameworks and guidelines for decision-making related to the local science, technology and innovation ecosystem, including DRIs (see Table 1). These policies highlight the importance of networking, data, computing infrastructure and research communication. They often also stress the importance of engaging with international DRI initiatives and communities of practice. However, none coherently addresses the need to develop the local research software landscape strategically.



Table 1:South African policies relevant to digital research infrastructure (DRI)











	Document

	DRI layers included

	Research software mentions






	African Open Science Platform Strategy Document13

	
	•
Network and connectivity


	•
Computational


	•
Data


	•
Research and innovation communication


	•
Governance




	Software infrastructure and a “Tools Network” that will manage localisation and awareness creation of software for research.




	South African Research Infrastructure Roadmap6

	
	•
Network and connectivity


	•
Computational


	•
Data


	•
Governance




	One of the 13 research infrastructures mentions it will develop research software.




	National Research Foundation Framework to Advance the Societal and Knowledge Impact of Research14

	
	•
Research and innovation communication




	None




	Department of Science and Innovation’s Decadal Plan 2022–203215

	
	•
Network and connectivity


	•
Computational


	•
Data


	•
Research and innovation communication


	•
Governance




	None




	National Big Data Strategy for Research, Development and Innovation16

	
	•
Network and connectivity


	•
Computational


	•
Data


	•
Research and innovation communication


	•
Governance




	New software technologies for handling big data.
Open science principles should be integrated with software development.




	National Policy on Data and Cloud17

	
	•
Network and connectivity


	•
Computational


	•
Data


	•
Governance




	None








South African research software endeavours are typically not funded through stand-alone grants, but as part of larger research projects. Funders vet submissions on the academic track record of the applicants, but staff primarily involved in research software development often do not grow their traditional academic track record through publications. In fact, the SSI’s International RSE Survey found that more than 40% of respondents do not make it onto the co-author list in papers for which the software they developed supported the research.12

A closer look at the people behind research software

Research software development and maintenance pose unique challenges. Associated roles are becoming increasingly specialised and require ‘scarce skills’ linked to the Fourth Industrial Revolution. It requires knowledge of research practices and, in many cases, the scientific domain in which the software is utilised, as well as expertise in software development and infrastructure usage best practices. Finding out who constitutes the people in research software is complex. The career paths to roles related to research software are not well defined, nor are job titles and descriptions. Research software roles can be found in academia (across faculties, libraries, information technology), non-profit organisations such as national research and education network organisations, government, and industry. An unpublished study conducted in 2014 by the SSI found that 400 out of 10 000 academic job advertisements related to research software development. These represented almost 200 different job titles, which could be generic, such as ‘postdoctoral research fellow’ or ‘research associate’, or specific, such as ‘senior RSE’ or ‘high-performance computing engineer’.

In 2012, UK researchers launched a movement to study and advocate for individuals who develop research software. The title ‘Research Software Engineer’ was created to address the need to build an identity for the individuals behind research software and establish policies for career progression, training and impact measurement. Since then, the movement has expanded globally. Establishing the term ‘Research Software Engineer’ is not a universal solution, nor does it address all challenges. However, South Africa can benefit from lessons learned through this approach to support researchers who spend significant amounts of time coding.

RSE groups employ professionals to support research software initiatives. Numerous RSE groups have been established at the institutional level, even though not all groups carry the title RSE to identify them. The UK Society of Research Software Engineering lists 67 (primarily UK-based) RSE groups. They vary considerably in size, focus and location within research organisations. Some are established in domain-specific areas or embedded in research groups, while others are centrally located and provide services to the broader research community. Their funding mechanisms also differ significantly. In South Africa, numerous individuals and groups contribute to research software development, maintenance and related training, even though they cannot be identified easily due to a lack of a common name such as ‘Research Software Engineer’. An African research software landscape study identified more than 60 South African communities, initiatives and institutions engaged in various aspects of research software.18 Not much is known about these groups’ funding, skill sets and scope of work.

The SSI runs an international research software survey every few years to gain insight into the demographics, job satisfaction and practices of RSEs.12 In 2022, they reported more than 50% of RSE respondents globally had doctorate degrees. Only 23% of respondents had a computer science background, while the top disciplinary education was either in physics, astronomy, biological sciences, mathematics, chemistry, geography and environmental sciences, or engineering. The fields in which respondents worked also included medicine, education, materials technology, agriculture and forestry, psychology, linguistics, and librarianship and information management, which points to some transferability of RSE skills across domains. RSEs are often part of multidisciplinary teams that support and enable transdisciplinary research. The survey further indicated that more than half of the respondents were part of a dedicated research software group within their institution.

There is minimal data available about research software-related roles in South Africa. The 2017, 2018 and 2022 International Research Software Surveys recorded only 22, 23 and 2 responses, respectively, from South Africa. Most respondents worked in physics or astronomy and had doctorate degrees with generic job titles like ‘research scientist’. Only a handful of respondents indicated being part of a dedicated research software group. The low number of responses does not reflect a lack of research software-related activity on the continent but perhaps instead points to a misalignment between the survey questions and terminology and the local contexts. Anecdotally, many of the research software activities in South Africa rely on postgraduate students, postdoctoral research fellows or personnel on short-term contracts with limited opportunities for academic career progression with variable expertise in making software or systems sustainable, accessible, interoperable and reusable. Exceptions exist in flagship projects such as the Square Kilometre Array, the National Integrated Cyber Infrastructure System, and the South African Research Infrastructure Roadmap entities.

The path to becoming an RSE is not well defined. Individuals often accidentally stumble upon these roles based on their interests and through their networks.19 The research and technical skills of RSEs vary considerably. An RSE may be an experienced researcher with limited software engineering experience or have strong software engineering skills with less experience in any research domain.

Due to the diverse entry points into RSE roles, few formal training opportunities exist, and a shared understanding of the minimal skill set required to be an efficient RSE is under development. In the study by Hannay et al.20, most respondents deemed self-study or learning from peers critical for developing the skills needed to build research software. More recently, Cosden et al.19 corroborated this finding through their research in the USA.

Conclusion

South Africa performs world-class, impactful research across all dis-ciplines. Research increasingly relies on access to DRI through research software. Supporting a vibrant research software environment ensures that research can benefit from and contribute to technological advances. A skilled research software workforce is a key element of this enabling environment. The professionalisation of research software-related roles is a crucial aspect required to maximise the impact of investments in the DRI ecosystem to create innovative, interoperable, and sustainable solutions that advance research goals and ultimately benefit society at large. Understanding South Africa’s existing research software ecosystem is urgently needed to inform policy, funding and incentives for this vital research enabler.

As research software also plays a significant role in achieving open science goals, open science mandates and funding can be harnessed towards promoting it. To date, open science efforts in Africa have primarily focused on open-access publications and open data. However, to truly benefit from open science reforms, it is essential to recognise and support research software and the people who develop and maintain it through research, funding, incentives and policies.

Countries such as the UK, Australia, the Netherlands and the USA have made significant strides related to research software research, policymaking, funding, training and collaboration. South African stakeholders have ample opportunities to participate in and contribute to this global movement. Researchers who code can access free online training and community events, while policymakers and funders can engage with international peers to share best practices.

We argue that it is time to explicitly focus on policy, funding and incentives to promote sustainable research software –the glue that holds the DRI system together.
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Significance:

We describe the development of a machine learning algorithm that automates the location of landmarks on insect wings, thereby allowing rapid calculation of wing size and shape. While the method was developed using tsetse wings, it is readily applicable to all wings and other structures. The method will be useful in determining wing size and shape and how these measures change with meteorological variables and between populations. Such changes can allow identification of isolated pest populations, which can be earmarked for elimination, or of threatened species in need of conservation. They could also provide measures of rates of climate change.







Evolution is written on the wings of butterflies.

Charles Darwin



Dylan Geldenhuys, the lead author and chief protagonist of a 2023 paper1 describing a machine learning algorithm, allowing semi-automatic detection of landmarks on insect wings, was a master’s student making his first foray into the world of scientific research. What was more impressive was that the paper went far beyond the requirement for such a thesis – making a serious contribution to the rapidly burgeoning field of morphometrics.

Morphometrics involves the quantification and statistical analysis of form2,3 and the discipline has applications in multiple fields, including engineering and the physical, biological and medical sciences. In the world of entomology, morphometrics has been used to characterise the shape of insect wings – and it was this feature that caught our attention. It had been suggested that differences in the shape of the wings of populations of tsetse (Glossina spp.) – vectors of human and livestock trypanosomiasis – could indicate genetic isolation of particular populations, marking such populations as candidates for elimination, without fear of reinvasion from neighbouring populations.4,5 The studies involved locating 11 key intersections, between veins, on the wings of individual flies (Figure 1). The relative positions of these so-called landmarks define the shape of a given wing.

[image: 113673_Hargrove_22461_fig1]

Figure 1: The wing of a tsetse, showing the 11 landmarks used to characterise its size and shape.

Photo: Dr Lee Haines (reproduced with permission)



What concerned us was that no studies had been conducted to assess the natural variation in wing shape, with time and season. Such temporal variation, within a single population, might swamp differences between geographically separated populations and thereby prejudice, or even vitiate, any conclusion that neighbouring populations were indeed genetically isolated. A review of the literature immediately revealed, however, that the samples analysed to date were so small – generally involving fewer than 200 flies – that they could not support a meaningful statistical analysis of temporal variation.

We were able to address this shortcoming because we had access to a collection of over 200 000 pairs of wings, collected over 11 years, at Rekomitjie Research Station, in the Zambezi Valley of Zimbabwe.6 Whereas earlier workers were able to locate landmarks using a manual procedure, this approach was impractical in our case – given the very much larger numbers of wings we had available. What we needed was an artificial intelligence type of approach, where a computer could learn to recognise the wing of a tsetse and, thereby, to zero in on the landmarks and position them automatically. Which was where Dylan Geldenhuys came into the picture – although not before several other workers had made contributions, without actually delivering a finished product.

To achieve this task automatically, the computer needs to learn by example: it needs to see a relevant sample of the wing images in which landmark positions have been located manually. From this, it will learn and reproduce the task automatically. This means that someone had to manually click the landmark position on a few wing images. This is when Prof. Willie Brink from Applied Mathematics stepped up and located the 11 landmarks on approximately 2500 images. This tedious and time-consuming task (approximately one week’s work) is crucial to reap the benefits of the artificial intelligence that can then perform the same task on a 10-fold larger data set in a matter of minutes.

However, the training of the machine is also not a trivial task. In essence, it needs to be given an image as input and return as output the two Cartesian (x,y) coordinates of the 11 landmarks (i.e. a list of 22 numbers). This is essentially a very complex and non-linear function that maps a large list of numbers representing the light intensity in each pixel of the image (approximately 50 000) to 22 numbers representing the location of the 11 landmarks on the wing. The machine had to learn this very complicated function from the training set of images that were manually labelled with the 11 landmarks. One of the many possible ways to express such a function is to use a neural network, i.e. a very flexible model that mimics what happens in our brain when we perform the same task on an image. The light intensity gets sensed through our eyes and the information is communicated and processed through a network of neurones until we manage to simplify the whole image into the few relevant locations of interest where the veins of the wing intersect. Similarly, the computer uses a network of nodes (akin to neurones) arranged in layers, where each node in a layer communicates through a weight parameter and a non-linear transformation to the nodes in the preceding and subsequent layers. All these connections between the layers in the neural network perform mathematical operations and transform information as it flows from the input layer (light intensity in each pixel of the wing image) to the output layer (the 22 numbers representing the Cartesian (x,y) coordinates of the 11 landmarks). Using the training set of the manually labelled images (for which the landmark coordinates are known), the computer learns the appropriate weights connecting the neurones in its network that give the best fit between the input image and the output landmark coordinates. Once this is done, the computer is able to see a new image (one on which it was not trained) and output the coordinates of its 11 landmarks.

This is just one part of the story: the number of layers in the neural networks, the number of neurones in each layer, the specific way in which each layer relates to the adjacent layers, are all decisions that have to be optimised or fine-tuned by the scientists. The whole process involved disparate fields within computer science and applied mathematics, e.g. image processing, computer vision, programming/coding, statistics, machine learning and artificial intelligence.

Next steps

Having developed the methodology, Geldenhuys used his algorithms to produce Cartesian (x,y) coordinates for >14 000 pairs of wings; the following year, another honours student in Applied Mathematics, Nuhr Ryklief, successfully used his program to increase the total to >21 000 pairs of wings. These wings were all from flies sampled between November 1994 and February 1997 and thus covered all seasons over more than two full years.

The impressive strides made by the two students are only the first steps in developing a fascinating story. What awaits future students is the task of translating the coordinates into measures of shape and seeing how, or indeed if, shape changes with season and various meteorological variables such as temperature and humidity. Aside from answering the initial question about natural variation of shape with season, it is no surprise that we are very interested to see whether it is possible to detect any effect on wing shape of the undoubted changes in climate over recent decades. Dramatic increases in temperature observed at Rekomitjie have already been identified as responsible for a dramatic collapse in populations of G. pallidipes at Rekomitjie.6

Provenance of the wings

Readers might, by this stage, already have asked themselves why on earth anybody would want to make a collection of >200000 pairs of tsetse wings. The wings were collected as part of a study that was not designed with any intention of investigating wing shape. Instead, the aim was to estimate mortality rates of adult tsetse via the age structure of the adult female population. Tsetse have a unique reproductive cycle involving the production, at 10-day intervals, of a single larva – which can weigh more than its postpartum mother (Figure 2).

[image: 113673_Hargrove_22461_fig2]

Figure 2: A female tsetse depositing a larva.

Photo: Daniel Hargrove (reproduced with permission)



Allied to this process is a much-reduced reproductive tract involving cyclical ovulation from paired ovaries of an egg into the uterus. Radical hysterectomy of a female fly allows the measurement of the contents of her uterus and ovaries and a determination of the number of times she has ovulated. This information can then be used to fix – with an accuracy of <3 days – the chronological age of the fly. These estimates were further informed by measurements of the degree to which the trailing edges of a fly’s wings are frayed7 (Figure 3). The field study also involved the measurement of wing length. Both wing fray and, particularly, length were seen to show well-marked seasonal cycles8,9 (Figure 4).

[image: 113673_Hargrove_22461_fig3]

Figure 3: Jackson’s (1946) categorisation of wing fray in male Glossina morsitans Westwood.

Image: Reproduced with permission from the Bulletin of Entomological Research



[image: 113673_Hargrove_22461_fig4]

Figure 4: Monthly mean values of (A) wing length and (B) wing fray of female Glossina pallidipes, sampled at Rekomitjie Research Station, Zambezi Valley, Zimbabwe, between September 1988 and December 1999.

Sources: Based on data from Hargrove8 and Hargrove et al.9



The wing collection was thus a central part of the original study and provided crucial information about the relationship between fly size, age, mortality and how these variables were related to each other, and to short-term seasonal changes and longer changes in meteorological variables. But it was only a decade later that it was made clear to us, by James Patterson5, that there was a lot more important information “written on the wings” – and the collection of the wings, serendipitously, enabled the Geldenhuys study. What this story underlines is the point that a well-designed, carefully conducted study will very often provide important opportunities to use the data for multiple purposes, often not envisaged when the study was initiated.

Some decades prior to the field study, Hargrove was himself a student embarking on a thesis – studying the physics and physiology of flight in tsetse – and thus particularly interested in flies’ wings. Both sexes of tsetse feed only on blood, and take blood meals that can, temporarily, increase their body weight by up to a factor of four10 – and females can have in utero a full-term larva that weighs more than she does. Accordingly, flies need a powerful flight motor, involving thoracic musculature that is proportionately much bigger than that for other insects, and long wings that flap at more than 200 cycles per second.11,12 The reliance on blood also means that, unusually for a dipteran, tsetse use an amino acid, proline, rather than carbohydrates, to fuel the flight motor.13

As with Darwin’s butterflies, evolution is also written on the wings of tsetse – and, as we have seen, much more is written there besides. The study of flight and wings involves delving into physiology, biochemistry, aerodynamics, life history dynamics and variations in meteorological variables, both seasonal and in the longer term. And, of course, we now see that there is both need and ample scope, in studying wing morphometrics, for using mathematical and statistical analyses, computer science and artificial intelligence.
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Significance:

Reported experiments on Mars include measurements of the speed of sound and its dependence on the atmospheric conditions. Although the conditions of temperature and pressure vary significantly more than on the surface of Earth, it is nevertheless useful to have typical values for these parameters. We note that such typical values of temperature, pressure and air density should be presented carefully to be consistent with the constraint of the ideal gas law.








While recently setting a problem on the speed of sound waves for an undergraduate physics course, I was inspired by the Nature article ‘In situ recording of Mars soundscape’1, which provides an overview of pioneering sound measurements on Mars. This article states that “at Mars pressure, the approximately 95% CO2 atmosphere can be efficiently modelled as an ideal gas” and provides typical values for the physical variables required to calculate the speed of sound:


… sound waves are considered as adiabatic disturbances. It follows that the temperature-derived speed of sound is given by c2 = γRT/M, with R the molar gas constant (8.314 J mol−1 K−1), M the molar mass of the atmosphere (43.34 g mol−1), T the temperature in kelvins and γ the adiabatic index. Using γ = 9/7, the standard value for CO2 — this value is discussed in the main text — we find c = 238  m s−1 at 230 K.



The article follows up with discussion on the relaxation rate of CO2 molecules and their consequent degrees of freedom under conditions on Mars. This influences the adiabatic index, which, at frequencies above a critical value (where fewer degrees of freedom are active), is better represented by the value of 7/5. As the speed of sound is proportional to the square root of the adiabatic index, this is responsible for two sound speed regimes, having ratio 7/59/7, which makes them about 4% apart. The article correspondingly reports: “…two distinct values for the speed of sound that are about 10  m s−1 apart below and above 240  Hz….”

It is a coincidence that the same numerical value of 240 applies to three separate parameters of importance in the article, namely:


	•
Relaxation frequency: “the relaxation frequency is about 240 Hz on Mars”


	•
Sound speed: “the true sound speed is about 240 m s−1”


	•
Absolute temperature: “the atmospheric temperatures ranged between 232 K and 240 K”




Despite the interesting complexities based on the adiabatic index, my aim was simply to make use of the ‘typical’ Mars values of atmospheric conditions provided in the article in order to calculate the speed of sound using the equation c2 = γP/ρ in terms of the pressure P and density ρ, which is an equivalent form to that used by the authors through the ideal gas law P = nRT/V = ρRT/M, where n is the amount of gas molecules and V the corresponding gas volume. The article provided values of the necessary parameters as follows:


	•
“From the knowledge of Mars atmospheric pressure (about 0.6 kPa)… ” 


	•
“Typically, with ρ = 0.02 kg m−3…”




Using these values with γ = 9/7 gives c = 196 m s−1, which is significantly less than the expected approximately 240 m s−1. The alternative adiabatic index γ = 7/5 gives c = 205 m s−1 which, while about 10 m s−1 greater as discussed earlier, is still much too low.

Using the pressure (0.6 kPa) and density (0.02 kg m−3) values with the ideal gas law P = ρRT/M allows the corresponding temperature to be calculated, giving T = 156 K, which is at odds with the typical temperature value of about 240 K given. The value adopted for the typical temperature constrains the ratio of the typical pressure to density through the ideal gas law, i.e. P/ρ = RT/M = 46 × 103 m2 s−2 for a temperature of 240 K. In contrast, the pressure and density values given in the article correspond to P/ρ = 30 × 103 m2 s−2.

Despite the initial confusion this caused, in retrospect, it seems clear that the authors only provided an order of magnitude estimate of the atmospheric density on Mars (ρ = 0.02 kg m−3) in order to contrast the vastly different acoustic impedance values on Earth and Mars. Nevertheless, they presented the acoustic impedance derived from this value to three significant figures (“Z = 4.76 kg m−2 s−1 at the surface of Mars”). The constraint P/ρ = 46 × 103 m2 s−2 (at 240 K), together with the given typical pressure of 0.6 kPa, gives a corresponding typical density of ρ = 0.013 kg m−3, which cannot be reconciled with the given value ρ = 0.02 kg m−3.

Although this does not affect any of the results presented, or detract from the work in general, the article provides a set of typical atmospheric conditions on Mars which is inconsistent with the ideal gas law, and which significantly underestimates the speed of sound waves when calculated using the typical pressure and typical air density values provided. If typical values for the temperature and pressure on Mars are accepted as 240 K and 600 Pa, then the corresponding typical air density should be accepted as 0.013 kg m−3, rather than the significantly different value of ρ = 0.02 kg m−3 given in the paper. Failing to do so will result in inaccurate quantitatively poor estimates of the typical acoustic impedance values. Although the conditions on Mars may vary considerably2,3 from typical values, it is of importance to present only self-consistent sets of typical values.
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Significance:

This Commentary underscores the urgency of rethinking how artificial intelligence systems and publishing models intersect. Rather than focusing solely on efficiency or access, we call attention to structural inequities that shape who is visible in the scholarly record. By highlighting the systemic risks of exclusion, we argue for proactive collaboration between policymakers, publishers and technologists to design frameworks that safeguard equity and inclusivity in the future of academic research.






Introduction

Artificial intelligence (AI) systems1, such as ChatGPT and other large language models (LLMs), are increasingly utilised in academic research, and have transformed the way scholars and students interact with information. These systems offer quick summarisation, language support and thematic integration, improving access to and understanding of scholarly literature. However, one limitation of AI systems that is often overlooked is their reliance on open-access academic literature, on which they almost exclusively depend. This dependence has significant implications for knowledge equity, economic inequality and the accuracy of scientific discourse.

The most immediate and worrying impact of AI’s limited access to open-source content is the invisibility of paywalled literature. Many foundational or influential studies are still published in traditional subscription-based journals, including those managed by major academic publishers such as Elsevier, Springer Nature, Wiley and Taylor & Francis. We recognise that there has been a rapid growth of green open access with associated rights and retention strategies, preprints are becoming more common, and many libraries have negotiated text and data mining clauses. However, many articles are still inaccessible to AI systems that are not legally or technically permitted to train on copyrighted or restricted content. This restriction is worsened by legal and technical barriers that hinder text and data mining of subscription-based content2, creating a structural gap in AI’s ability to access the complete scholarly record.

Consequently, AI-assisted literature reviews, summaries and citations depend heavily on open-access sources, which creates a systematic bias in how knowledge is represented. Key findings published in paywalled journals are often excluded or understated, even when they are central to the scholarly consensus on a topic. As more researchers, students and editors turn to AI tools to support or initiate literature reviews, the exclusion of paywalled research could distort the development of entire research narratives. Traditional institutional subscriptions often leave many researchers –particularly in the Global South – with limited access to scholarly literature, even though the pirate site Sci-Hub provides access to a large portion of this paywalled scholarly literature.3

The consequence of this exclusion could be diminished visibility and influence of paywalled publications, effectively reducing their citations and role in shaping academic debates. It also threatens the epistemological integrity of knowledge creation – what is considered ’known’ or ‘important’ increasingly depends on accessibility rather than merit.

Although open access is often portrayed as a democratising force in science, the expense of article processing charges (APCs) remains a significant barrier, especially for researchers in developing countries. APCs can vary from a few hundred to several thousand US dollars and are usually billed in currencies that are either inaccessible or devalued compared to those of the Global South. This creates a structural disadvantage for scholars in Africa, South America, Southeast Asia, and parts of Eastern Europe. Klebel and Ross-Hellauer4 demonstrated that APC-funded publishing predominantly benefits researchers in wealthier nations, further reinforcing structural inequalities.

Case study: The South African context

South Africa demonstrates how global inequalities in scholarly publishing unfold locally. Library consortia such as SANLiC (South African National Library and Information Consortium) negotiate subscription access with major publishers. Yet, rising costs mean that even well-funded universities cannot guarantee complete disciplinary coverage. Simultaneously, national policies from the National Research Foundation (NRF) and the Academy of Science of South Africa (ASSAf) strongly support open-access dissemination, but the reliance on APCs introduces new barriers.

APCs for leading international journals often surpass ZAR40 000–ZAR60 000 per article, making them unaffordable for many researchers without subsidies. To put this into perspective, the NRF’s full-cost bursary for a PhD student is ZAR175 000 annually, while a typical PhD scholarship in the USA is valued at USD25 000 (≈ZAR450 000). Consequently, a single APC can consume a significant portion of a South African student’s yearly support, whereas in the Global North, it constitutes a much smaller share.

This dual challenge – restricted subscription access and prohibitive OA publishing costs – undermines visibility, discoverability and participation in global scholarship. Early-career researchers and postgraduate students are especially disadvantaged, with many unable to publish at all. These realities emphasise the urgent need for policies that address both access and affordability, ensuring South African researchers are not systematically sidelined in an era of AI-assisted scholarship.

Even when research grants are secured, these APCs often exceed allowable publication budgets or require special permission to be obtained. Many early-career researchers and postgraduate students lack funding for publishing fees altogether. This financial barrier prevents diverse voices from participating in the global research discourse. It disproportionately influences who is cited, reviewed, and noticed, especially by AI systems trained mainly on open-access material. As Cabrerizo5 notes, even researchers with grants in low-income settings may find APCs prohibitively expensive, emphasising the need for policy reforms to foster more equitable access to publishing opportunities.

Therefore, those able to afford publishing open access enjoy greater visibility (including in AI-curated reviews), while those unable to do so become further marginalised. This economic reality complicates the concept of open source as a universal advantage. APCs have encouraged a pay-to-publish system that upholds existing inequalities under the guise of openness.

Another serious consequence of AI’s limited access to scholarly literature is the increased risk of misinformation. With restricted access to the full range of peer-reviewed content, AI tools therefore rely on lower-quality, predatory or non-peer-reviewed sources that are freely available online. An additional limitation of current AI systems is their inability to reliably place research findings within a chronological context (the authors’ personal experiences with using ChatGPT4.0). As a result, AI tools may cite studies whose results have been superseded by more recent data or advances in technology, unintentionally promoting outdated or inaccurate information. As Himmelstein and co-authors3 demonstrate, widespread use of the pirate site Sci-Hub highlights the demand for open access to paywalled literature, emphasising the limitations that AI systems face in accessing such content legally.

If AI-generated content relies on incomplete or poor-quality data sets, it leads to a distorted understanding of complex topics. For example, AI might overlook important nuances in medical, environmental or genetic research because the relevant studies are inaccessible. This becomes especially problematic when AI outputs are accepted uncritically by students, policymakers or other researchers, thus spreading inaccuracies and oversimplifications.

These risks are worsened by the fact that AI systems, unlike trained researchers, often cannot differentiate between historically significant but outdated studies and more recent studies that utilise newer, improved technologies.

Insight: Policy recommendations for South Africa

To minimise inequities in AI-supported scholarship, reforms should concentrate on licensing, affordability, transparency and training:


	•
National bodies such as SANLiC, NRF and ASSAf should negotiate AI-readable licences as part of subscription and transformative agreements.




This would allow not only institution-bound systems but also public LLMs to access paywalled content under fair-use conditions.


	•
The NRF and DHET should establish a ring-fenced APC fund for early-career researchers and unfunded scholars.




This would prevent APCs (ZAR40 000–ZAR60 000 per article) from taking a disproportionate share of limited grant funding.


	•
South African journals, particularly those on the SciELO SA platform or subsidised by ASSAf, should implement disclosure standards for AI use in literature reviews and manuscript preparation.




This would foster trust and encourage critical reflection on how AI impacts research synthesis.


	•
Universities and professional societies ought to offer training on responsible AI usage in research.




This should include guidance on open access biases in LLMs and strategies for triangulating with subscription databases.


	•
Developers of academic AI systems should disclose when outputs are based solely on open-access sources.




This transparency would help researchers complement AI outputs with manual searches or institutional access.

Implication: With targeted national action, South Africa can reduce inequities and ensure its researchers stay visible and influential in the AI-driven global scholarly landscape.

Conclusion

Artificial intelligence offers great potential to transform scholarly communication, but its current reliance on open-access content risks worsening existing inequalities in publishing, citation practices and knowledge production. As seen in the South African context, the combination of limited subscription access and high APC costs places local researchers – especially postgraduates and early-career scholars – at a structural disadvantage compared to peers in wealthier regions.

These inequalities are not unavoidable. As outlined in the policy recommendations, South Africa has a clear chance to take proactive actions: negotiating AI-compatible licences through SANLiC, ring-fencing APC support for vulnerable researchers, adopting disclosure norms in national journals, and enhancing training for responsible AI use. By implementing these measures, national bodies (NRF, ASSAf, SANLiC, the Department of Higher Education and Training, and universities) can ensure that South African scholarship remains visible, credible and influential in an era increasingly driven by AI-assisted research.

If left unchecked, the selective visibility of open-access sources may lead to a form of algorithmic canonisation, where the scholarly canon is defined more by machine access than by intellectual merit. Achieving equity for both humans and machines is thus more than just a technical issue – it is a policy choice. Taking action now will promote a more inclusive and representative scholarly record, safeguarding the integrity of knowledge creation in South Africa and across the broader Global South.
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Significance:

It is now possible to quantify variability of nitrogen isotope (δ15N) ratios in tooth enamel bioapatite of hominin and non-hominin taxa from Plio-Pleistocene deposits in Sterkfontein’s Member 4 in the Cradle of Humankind in South Africa. Lüdecke et al. (Science. 2025;387(6731):309–314) claim from both nitrogen and stable carbon isotopes that Australopithecus represented in this Member did not eat meat. However, this is based on hominins with primarily C3 diets. Here it is hypothesised that Australopithecus specimens with relatively high δ13C would reflect some degree of carnivory associated with the consumption of meat such as that of ungulates (e.g. wildebeest) with C4 diets.






Lüdecke et al.1 analysed nitrogen (δ15N) and stable carbon (δ13C) isotope ratios for a diversity of mammalian species (ungulates, primates and carnivores) from the Sterkfontein Caves in the Cradle of Humankind World Heritage Site. Remarkably, it has become possible to quantify variability of δ15N in enamel bioapatite of Australopithecus and non-hominin taxa from Plio-Pleistocene samples from Sterkfontein’s Member 4. Collagen is not preserved in samples of teeth or bone spanning the site’s apparent range between 2 and 3.7 Ma2-7 for Members 2–4 (generally consistent with the temporal range for South African Australopithecus suggested by van Holstein and Foley8), so the use of tooth bioapatite as an alternative source of material for quantifying δ15N is welcome.

A claim by Lüdecke et al.1 based on δ15N in Australopithecus samples from Sterkfontein Member 4 (ASTM4) is that the hominins “did not consume substantial mammalian meat”. This statement needs to be expanded with reference to a pioneering article by van der Merwe et al.9 who obtained stable carbon isotope ratios from twice as many ASTM4 specimens. The combined δ13C results from the two studies (n=20 teeth of South African Australopithecus) are given in Table 1, in addition to δ15N ratios where they are available.



Table 1:Stable carbon isotope ratios (δ13C) for tooth enamel of Australopithecus (A. africanus and A. prometheus) from Sterkfontein reported by van der Merwe et al.9 or Lüdecke et al.1 Mean δ13C value = −6.35±2.04‰ (n = 20).












	Specimen #

	δ13C (‰)

	δ15N (‰)

	Reference






	StW 73

	–8.8

	 
	9




	StW 276

	–8

	 
	9




	StW 252

	–7.7

	 
	9




	StW 211

	–7.5

	 
	9




	StW 304

	–7.4

	 
	9




	StW 14

	–6.7

	 
	9




	StW 315

	–6.4

	 
	9




	StW 309b

	–6.1

	 
	9




	StW 229

	–5.8

	 
	9




	StW 303

	–4.4

	 
	9




	StW 236

	–3.7

	 
	9




	StW 213i

	–1.8

	 
	9




	StW 207

	–2

	 
	9




	StW 47

	–9.1

	2.1

	1




	StW 96

	–7.3

	2.7

	1




	StW 148

	–7

	5.5

	1




	StW 285

	–7

	7.8

	1




	StW 397

	–5.8

	5.5

	1




	StW 402

	–5.9

	8.8

	1




	StW 555

	–8.6

	3.5

	1






 



The new results can be assessed in relation to the following points:


	1.
Lüdecke et al.1 analysed seven samples of ASTM4 Australopithecus with δ13C ranging between −5.8 and −9.1 ‰, at the relatively low C3 end of the spectrum of δ13C.


	2.
Variability in δ13C values for samples reported by Lüdecke et al.1 and van der Merwe et al.9 relate in part to palaeoenvironmental factors. The sample analysed by van der Merwe et al.9 includes specimens with relatively high δ13C values for ASTM4, reflecting C4 conditions.


	3.
From regression analyses, Thackeray et al.10,11 reported relationships between δ13C (x-axis) and δ15N (y-axis) in collagen of extant African ungulates and primates. For those with primarily C3 diets (δ13C for collagen < −16‰), there was a positive correlation between δ13C and δ15N. From regression equations of the form y = mx + c, the correlation coefficients (r) ranged between 0.63 and 0.81 (n > 100). In the light of data for collagen samples with δ13C < −16‰, the following inference was made: δ15N increases partly as a response to water stress.10,11


	4.
δ15N values can be even higher than 10‰ in some cases for ungulate collagen.10 Lüdecke et al.1 associated high δ15N values with carnivory, but high nitrogen isotope values in herbivores10 obviously cannot be a result of meat consumption.


	5.
Thackeray et al.10,11 reported an inverse relationship (r = 0.84) between δ13C and δ15N in collagen of ungulates with primarily C4 diets (δ13C > −16‰). Relatively high δ13C values are associated with relatively low δ15N nitrogen ratios which could be as low as 2‰. The study by Thackeray et al.10 points to the possibility that this pattern might be due (to some extent) to a relatively low degree of water stress in certain C4-dominated savannah habitats.



On the basis of the data shown in Table 1, the mean δ13C value for tooth apatite of South African Australopithecus (ASTM4, including A. africanus and A. prometheus), reported here for the first time as −6.35±2.04‰ (n = 20), is not significantly different (p = 0.05) from a mean δ13C value of −7.50±2.64‰ (n = 20) for tooth enamel of A. afarensis from East Africa12 (Table 2). It is hypothesised here that (1) the palaeodiets of specimens of Australopithecus with relatively high δ13C values from both South Africa and East Africa (close to the C4 end of the spectrum) relate in part to the consumption of meat of ungulates with C4 diets, and (2) that δ15N values for tooth enamel of australopithecines near the C4 end of the carbon isotope spectrum would be relatively high, associated in part with a trophic signal for the consumption of meat of grazing ungulates. Lüdecke et al.’s1 claim that hominins “did not consume substantial mammalian meat” is based on only seven specimens of Australopithecus from Sterkfontein Member 4, associated primarily with C3-dominated values. However, their claim would not necessarily apply to australopithecines associated primarily with C4-dominated diets, including the consumption of meat of grazing ungulates.



Table 2:Stable carbon isotope ratios (δ13C) for tooth enamel of Australopithecus afarensis reported by Wynn et al.12 Mean δ13C value = −7.50±2.64‰ (n = 20).










	Specimen #

	δ13C (‰)






	A.L. 444-2

	–8




	A.L. 440-1

	–7.6




	A.L. 462-7

	–6.4




	A.L. 452-18

	–2.9




	A.L. 437-2

	–6.6




	A.L. 438-1h

	–10.2




	A.L. 309-8

	–6.4




	A.L. 423-1

	–7.2




	A.L. 309-8

	–4.3




	A.L. 333-52

	–8.6




	A.L. 207-17

	–4.3




	A.L. 411-1

	–7.7




	A.L. 225-8

	–6.7




	A.L. 125-11

	–13




	A.L. 660-1

	–9.6




	A.L. 249-27

	–10




	A.L. 293-3

	–10.7




	DIK2-1

	–4.3




	DIK40-1

	–10.6




	DIK 49-12

	–4.9
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Humans are unique in their ability to build complex social networks that foster cooperation, knowledge sharing and innovation. Evidence from the African Middle Stone Age provides some of the earliest signs of these connections, alongside increasingly sophisticated behaviours. Archaeologists study past social interactions through various proxies, with stone tools playing a central role. Yet the extent to which stone tools reliably reflect cultural transmission and connectivity remains debated. Similarities in toolmaking can indicate knowledge exchange and social ties, but they may also result from convergent evolution, whereby different groups independently arrive at comparable solutions to similar challenges. Recent research from southern Africa and beyond shows that applying middle-range theories and integrating contextual data help distinguish cultural transmission from convergence. This approach sheds new light on how knowledge and practices spread in early human societies, revealing the deep roots of cooperation and collaboration that continue to shape human societies today.

Significance:

In human origins research, stone tools provide some of the earliest evidence for how knowledge was shared and how social connections formed in early communities. Assessing whether similarities in these tools reflect cultural transmission or independent invention helps trace the roots of social networks, learning and innovation. Such insights are central to understanding the evolutionary pathways that made us human and continue to shape societies today.






Introduction

One of the defining characteristics of humans is our capacity to form social connections that facilitate transmission of knowledge, skills and innovations across generations.1,2 Social connectivity refers to the network of relationships and interactions between groups, encompassing not only the transmission of knowledge and skills, but also trade, exchange, alliances and mobility.2-4 These connections could be short-lived or enduring, localised or long-distance, and take many forms, from the movement of goods to the migration of entire groups.4,5 Structured social networks have enabled knowledge sharing and supported coordinated management of essential resources.6,7 They have also functioned as a form of risk buffering, allowing information to flow across distant communities and providing a ‘safety net’ during periods of resource scarcity.4,5,7-9 By drawing on partners across multiple social spheres, from co-resident kin for routine activities to more distant kin for support during widespread stress, these networks enhanced cooperation and innovation while minimising vulnerability in unpredictable environments.4,9

Although it is difficult to determine precisely when sustained and reliable transmission of ideas and the formation of social ties first appeared10, some evidence suggests that this process may have begun as far back as 3.3 million years ago11. By approximately 600 000 years ago, humans were already employing effective methods of communication, likely integrating hand signals with vocal sounds.11 This capacity for clear information exchange set the stage for a turning period between 200 000 and 100 000 years ago, during the Middle Stone Age (MSA), when fully developed language, more sophisticated social learning, and stronger social connectivity emerged as Homo sapiens developed increasingly complex technologies and behaviours.11,12

Archaeological evidence for social connectivity comes from multiple proxies, including the distribution of beads in southern and eastern Africa2,3, the long-distance movement of raw materials13, and recurring patterns in stone tool technologies6,7,14-17. In Africa, evidence shows that more than 3 million years ago, early hominins were already producing and using stone tools to access and process essential resources.18 The manufacture of these tools left enduring traces, enabling reconstructions of early human lifeways.19 Some scholars argue that similarities in stone tool technologies across groups reflect cultural transmission through teaching, careful imitation and social learning, pointing to deep evolutionary roots of social connectivity.14,17,20-22 Others caution that such similarities may instead represent “latent solutions”– behaviours independently reinvented rather than passed on through shared learning.10,23-27 Comparable tool forms across regions could therefore result either from cultural transmission through migration or diffusion, or from independent convergence.14,25,27-29 This debate highlights the challenge of distinguishing behaviours arising from shared knowledge from those emerging independently.10

Nonetheless, a growing body of research demonstrates that stone tools, when considered alongside contextual evidence, provide robust indicators of cultural transmission, showing how early humans shared knowledge and maintained social connections.6,7,14,16,17,21,30-34 This review examines the extent to which stone tools can serve as proxies for cultural transmission during the MSA. By synthesising existing research and case studies, we demonstrate how material culture reflects the mechanisms of knowledge transfer, and how multiple lines of evidence together illuminate the nature, scale and duration of social connections among MSA populations. In doing so, this review contributes to a broader understanding of the emergence of early human social dynamics beyond the narrow confines of stone tool analysis.

Stone tool technology and cultural transmission

Cultural transmission encompasses the transfer of knowledge, ideas, beliefs and behaviours across generations through instruction and mimicry.35 Cultural transmission can be vertical, horizontal or oblique.36-39 Vertical transmission occurs when cultural knowledge is inherited across generations, typically from parents to children, ensuring the stability of complex toolmaking techniques as young learners observe and refine skills taught by experienced individuals.37,40 Horizontal transmission occurs among peers within the same generation, facilitating the rapid spread of innovations within social groups.35,38 Oblique transmission involves the transfer of knowledge from non-parental adults, such as mentors or community leaders, allowing for both the preservation and adaptation of cultural traditions over time39 (Figure 1; Table 1).

[image: 113673_Chiwara_21619_fig1]

Figure 1: An Illustration of vertical, horizontal and oblique cultural transmission, showing how knowledge, skills and behaviours are passed from parents, peers and non-parental adults.





Table 1:Summary of cultural transmission types, highlighting their sources of knowledge, rates of cultural change, and balance between stability and innovation













	Type of transmission

	Source of knowledge

	Rate of cultural change

	Stability vs innovation

	References






	Vertical

	Family, parents, direct lineage

	Slow and gradual

	High stability, low innovation

	Cavalli-Sforza and Feldman37; Shennan40




	Horizontal

	Friends, same age group, neighbouring communities; can include newcomers via migration

	Rapid

	High innovation, cultural variation

	Boyd and Richerson35; Lycett38




	Oblique

	Mentors, experts, skilled individuals

	Moderate

	Balance of stability and adaptation

	Mesoudi and O’Brien39








Cultural transmission operates through various mechanisms: direct (content-based) transmission, where traits are adopted for their effectiveness or memorability; indirect transmission, where traits are copied from admired or successful individuals; and frequency-dependent transmission, where traits spread due to widespread use (e.g. conformity).36 These mechanisms, together with biases like payoff bias, interact with ecological and social contexts to shape how knowledge is transmitted across generations.10 Observational learning and imitation also play key roles in the spread of cultural ideas, shaping behaviour across generations.37 This learning process involves acquiring behaviours by observing others, while imitation is the direct replication of observed actions, often without understanding their underlying principles.36 However, some recent work has also questioned the extent to which imitation and other high-fidelity learning processes can be identified in the deep archaeological record, highlighting ongoing debate.10,23

At broader spatial scales, cultural transmission operates through diffusion or dispersal (migration) as mechanisms that facilitate the spread of knowledge between populations.25 Diffusion involves the transfer of knowledge and practices between neighbouring groups, often leading to the replication of techniques and the integration of more accessible or prominent elements of toolkits.25 Migration entails the physical movement of populations, which then transmit their technological knowledge in new contexts, typically resulting in the imitation and accurate transmission of complex, sequential techniques.14,25,28,29,41 For example, core reduction in stone toolmaking involves the controlled extraction of flakes from a solitary core in successive stages, illustrating how multi-step knowledge could be reliably transmitted.14,28,29 However, caution is needed when using these terms, as the mechanisms of cultural transmission are rarely clear-cut in the archaeological record. Overreliance on diffusion or migration can obscure other possibilities, such as indigenous autonomy or hybrid processes that combine multiple pathways of knowledge transfer.42 Distinguishing between these processes is critical for archaeological interpretation; while cultural transmission occurs at the individual level through teaching, imitation and observation, these larger-scale mechanisms shape patterns of social connectivity observed across the landscape. Differentiating between diffusion and migration is therefore essential, as what is sometimes labelled as social connectivity may reflect either the borrowing of ideas across networks or the relocation of groups carrying technological knowledge.25

Several models have been proposed to study how early humans passed on cultural knowledge using stone tools as evidence. One widely used framework is Tostevin’s14 Behavioural Approach to Cultural Transmission (BACT). This model links theoretical perspectives with archaeological evidence to explore how knowledge transfer about toolmaking was shared within and between groups. By drawing on experimental studies43, BACT helps us understand not only the skills involved in stone tool making but also the flexibility and social organisation of early humans.

The BACT model recognises stone toolmaking as a complex skill that requires planning and careful decision-making.14 Much of this skill was likely learned through teaching, imitation or observation rather than discovered independently.14 The BACT model identifies several aspects of toolmaking that reveal how knowledge was passed on: shaping core stones in different ways, preparing surfaces to control how pieces are removed, following consistent strategies for flake removal, maintaining the overall shape and structure of the core, and producing tools with recognisable designs that reflect cultural traditions.14,15 For analysis, BACT compares stone tool assemblages based on how the initial pieces were prepared and how the final tools were shaped.14 To track cultural influences, assemblages are classified using three terms: the substrate (earlier tools or traditions), the acculturator (tools or groups that influenced changes in later traditions), and the product (the resulting set of tools combining features of both).14 BACT also incorporates broader theoretical ideas, such as how toolmaking was shaped by what was visible in the landscape and the social interactions between people, connecting detailed tool analysis to wider social behaviour.14 This approach has been further applied in the eastern African context, at sites in Kenya and Tanzania such as Nasera and Koobi Fora, using controlled stone tool experiments as contextual data to study knowledge transfer in MSA technologies.17 Analyses suggest that examining broader strategies for making tools, rather than individual flakes, provides reliable indicators of cultural transmission, allowing researchers to study how skills were learned, shared and modified over time.17

Beyond the BACT framework, stone toolmaking is recognised as a cognitively challenging task that requires precise motor control and careful planning, making it a practice that is learned and passed from experienced makers to novices.44-47 To better understand how this knowledge was transmitted, researchers are moving from analyses of entire groups to identifying individual toolmakers in the archaeological record through measurable aspects of their techniques.45 Comparative studies of novices and experts have highlighted clear indicators of skills, including the efficiency with which material is removed and the symmetry of the resulting tools.45 These findings shed light on the learning processes and cognitive skills of early humans.45

In addition, a widely contested example of cultural transmission is the Levallois technique, a method of preparing a stone core so that it can produce flakes of a predetermined, consistent shape. This approach involves carefully shaping the core in advance, allowing early humans to control the size and form of the flakes they removed, which could then be used as tools.46,47 Some researchers argue that similarities in Levallois tools across Africa, Europe, and the Near East suggest that these skills were learned from experienced makers, reflecting social learning and apprenticeship. The consistency of these tools suggests that replicating Levallois technology required specialised knowledge passed across generations.46,47 Supporting the use of the Levallois as a marker of cultural transmission, studies in eastern Africa, Arabia, and the Levant show the long-distance spread of this technology.33 These sites reveal the persistence of centripetal Levallois, a method in which flakes are removed toward the centre of the core to create a prepared surface for a final flake.33 The repeated use of this technique and the consistent core shapes indicate that knowledge was transmitted across generations among mobile hunter-gatherer groups.33 These findings demonstrate a shared technological tradition originating in eastern Africa and spreading across vast distances.33 However, the interpretation of Levallois as evidence of cultural transmission is highly debated, with some suggesting that the technique may have emerged independently through convergent evolution.24,48 Hence, further methodological refinement is needed, as no consensus currently exists on whether the Levallois technique reflects convergence or transmission.

Further evidence of knowledge sharing comes from the long-distance movement of raw materials. In Africa, MSA people transported obsidian, silcrete and other raw materials tens to hundreds of kilometres from their sources to toolmaking sites.32,49,50 For example, silcrete raw material at White Paintings Rockshelter in the Kalahari was traced to sources over 220 km away, despite suitable local stone being available.13 Similarly, at Olorgesailie in Kenya, early Homo sapiens engaged in long-distance raw material transfers by 300 000 years ago.50

In southern Africa, MSA studies using stone tools to explore knowledge sharing and social networks have grown substantially over the last decade.6,7,30,31 It is argued that environmental changes may have shaped social connections and technological practices.6 During colder periods, communities were more interconnected, whereas warmer periods saw the emergence of localised groups with distinct traditions.6 For example, during Marine Isotope Stage (MIS) 5, sites such as Blombos, Cape St. Blaize and Klasies River show regional differences in toolmaking, reflecting local adaptation and limited interaction.6 In MIS 3, sites including Sibhudu, Umhlatuzana, Rose Cottage and Sehonghong produced more specialised tools within relatively isolated populations.6,51 At Sibhudu and Umhlatuzana, hollow-based points51, stone tools with a concave base designed to be hafted onto a handle or shaft, may be seen as a classic case of convergence52. These points closely resemble those found in distant regions during the Palaeolithic, suggesting that similar functional requirements can lead to similar tool designs, independently, rather than through direct cultural transmission.52

In contrast, other tool types, such as backed tools – small, often sharp, tools with a blunted edge for hafting or handling – indicate cultural transmission and are found both at individual sites and more broadly across southern Africa.31 High frequencies of scraping tools at sites such as Rose Cottage and Sehonghong may reflect smaller more isolated groups6, although additional research is needed to explicitly link these patterns to population size or demographic structure. However, demonstrating population increases or decreases is often challenging due to multiple interacting variables.6 Collectively, these observations suggest that convergent evolution and cultural transmission are not mutually exclusive, and more refined analytical methods are required to disentangle their respective contributions. During colder periods like MIS 4 and 2, broader social connections are evident, with standardised tools appearing across multiple sites (including Blombos, Hollow Rockshelter and Sibhudu), indicating strong long-distance social networks.6 These patterns suggest that environmental conditions may have influenced knowledge sharing, with harsher climates encouraging wider interaction and resource abundance allowing regional differentiation.6

During MIS 5, patterns of cultural transmission in southern Africa varied depending on the environment and geography. In the Lesotho highlands, at Melikane Rockshelter, communities adapted to a mobile lifestyle shaped by local conditions, producing long, thin blades.30 Compared with sites across South Africa (including Blombos, Border Cave, Diepkloof, Klasies River, Pinnacle Point and Sibhudu), clear regional differences emerge.30 Despite facing similar climates, highland groups at Melikane were largely detached from low-elevation populations, limiting the spread of technological knowledge and suggesting population fragmentation during this period.30 By contrast, in the Kalahari Basin and surrounding areas, studies using BACT show that MIS 5 communities at sites such as Ga-Mohana Hill North Rockshelter, Erfkroon, Florisbad and White Paintings Rockshelter shared similar approaches to making stone tools and produced comparable toolkits.7 This similarity indicates ongoing knowledge exchange and social connectivity, which may have helped groups cope with the harsh Kalahari environment.7 In such marginal settings, social networks likely acted as ‘safety nets’, allowing communities to share information, coordinate resources and reduce risk.4

Cultural transmission versus convergence

Interpreting similarities in stone tool technologies across regions requires distinguishing between cultural transmission – through diffusion or dispersal – and convergence (Figure 2; Table 2).25 While these processes produce similar outcomes, studies often assume that shared tool forms reflect knowledge transfer. Yet similar tools can also emerge independently when groups work with comparable raw materials under similar environmental conditions. Relying solely on tool resemblance risks oversimplifying the complex processes shaping technological evolution in the MSA.24-27,53
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Figure 2: A schematic illustration of cultural transmission versus convergence.





Table 2:Criteria for distinguishing cultural transmission from convergence in stone tool analysis










	Cultural transmission

	Convergence






	Spatial and temporal continuity in tool production. If a particular tool type or method of making tools continues within a geographically connected region over time, it may be the result of cultural transmission rather than convergence.6,17,33

Consistent patterns of reduction strategies across sites. If similar methods of tool-making are found across multiple locations, it may be the result of cultural transmission rather than convergence.7,14,21,30

Similar tool types and reduction strategies tied to feasible dispersal corridors or interaction zones. If similar tool types and manufacturing methods are found along plausible dispersal or trade corridors, or in interaction zones, it more strongly supports the idea of cultural transmission rather than convergence.33,54

	Similar tools appearing in different regions without clear connections. If the same tool type is found across vast distances with no evidence of contact, it may be the result of convergence rather than cultural transmission.24,25,55

Tool types known to be reinvented. Some tools appear repeatedly across time and space, suggesting that they were practical solutions to common problems rather than the result of direct transmission.27,53,56

Variability in methods of tool-making within the same tool or core type. If a tool or core type class shows significant variation in manufacturing methods across regions, this may indicate convergence rather than cultural transmission.46,57,58

Tool types appearing in unrelated cultural or ecological contexts. If a particular tool form or production method emerges in geographically or temporally distinct settings with different environmental pressures, it may be the result of convergence rather than cultural transmission.59

Low-frequency or isolated occurrences of similar tools. Tools that appear rarely or in isolation across sites may indicate convergence rather than cultural transmission.








Examples of convergence in the southern African MSA include Nubian Levallois technology in the arid Tankwa Karoo.60 At Tweefontein site, Nubian cores and points occur alongside post-Howiesons Poort tools dating to MIS 3, suggesting local adaptation rather than cultural diffusion, despite Nubian technology being typically associated with North Africa, Arabia and the Levant.60 Similarly, evidence from the sites Uitpanskraal 7 and Mertenhof shows that Nubian stone tool production methods, usually linked with the later part of the Pleistocene epoch in northern regions of the African continent and Homo sapiens dispersals during MIS 5, were also present in southern Africa by MIS 3.56 The temporal and spatial patterns of these occurrences support convergence rather than cultural transmission or population movement.56 In addition, early blade production across South Africa, Kenya and Israel (~500 000–400 000 years ago) shows similar forms but distinct methods and wide geographic separation, further indicating independent development.55

Understanding similarities and differences in stone tool technologies is challenging because multiple factors influence how traditions are passed on and how technologies change.25 Humans are known not only for sharing knowledge but also for innovating, constantly refining tools to meet specific needs and local circumstances.19,35 Differences in the types of stone raw materials available, for example, can lead to changes in tool design, making it difficult to determine whether the variation reflects resource constraints or independent invention.57

One way researchers have tried to address this problem is by examining technological complexity.25,28,46 The idea is that more complex methods of making tools, such as techniques requiring several interdependent steps, are less likely to appear independently in different locations.14,47,58 While this reduces the chance of mistaking coincidence for cultural transmission, it is not foolproof.10,25 Even complex technologies can develop in parallel, and the very definition of ’complexity’ is often unclear.10,23,25

Increasingly, stronger approaches aimed at identifying stone tool assemblage traits that distinguish cultural transmission from convergence, and thereby offering new ways to assess past social connectivity, are emerging.6,7,14,17,30 These approaches have moved beyond simply comparing tool types and now employ advanced methods to provide clearer evidence of cultural transmission.14 For example, techniques such as geometric morphometrics46, detailed analyses of tool production, and the integration of contextual data with theoretical models such as the BACT framework, which links tool use with social behaviour and environmental context, offer promising ways forward7,14,17. These methods provide more robust insights, although their interpretation still depends on the frameworks researchers apply. Therefore, a critical, methodologically rigorous approach that integrates multiple lines of evidence, accounts for alternative explanations, and acknowledges the limits of current techniques remains essential. By refining these methods, researchers can move beyond broad generalisations and gain a deeper understanding of social learning in past human societies.

Drivers of human connectedness

Several studies identify three main drivers of human connectedness: adaptive social networks, the psychological need for social bonds, and trust and cooperation dynamics (Table 3).4,8,54 The most cited explanation is adaptive social networks, whereby environmental pressures drive the formation of social ties. In harsh environments – such as the Kalahari7 during interglacial periods or resource-scarce times such as glacial phases in southern Africa – social connections may have facilitated cooperation, knowledge exchange and resource sharing, acting as survival strategies.6,61 Ethnographic studies of hunter-gatherer societies in harsh environments, including the Arctic, support this, showing how dispersed groups maintained social ties for survival.4 Conversely, during interglacial phases, when resources were more stable and abundant, populations were more fragmented, reducing the need for extensive cooperation.5,6,8,9,30,61



Table 3:Potential drivers of human connectedness











	Core drivers of human connection

	Description

	Examples






	Adaptive social networks (survival and resource sharing)4

	Social connections develop as a crucial adaptation to harsh environments, enabling cooperation in locating and sharing vital resources4

	
	•
Formation of communities and alliances


	•
Collective resource gathering (water, food, shelter)


	•
Trade, migration, and communication networks for survival4







	Psychological need for social bonds (cognitive and emotional resilience)8

	Humans are wired to seek social interactions that provide emotional security and reduce stress, especially in challenging conditions8

	
	•
Sense of belonging and identity


	•
Emotional and psychological support


	•
Reduced anxiety and loneliness through companionship8







	Trust and cooperation dynamics (strengthening social stability)54

	The quality of social connections determines long-term cooperation, conflict resolution and social stability54

	
	•
Trust and mutual aid in times of crisis


	•
Conflict resolution54











While environmental pressures explain some aspects of connectedness, they do not account for intrinsic human innovations. Psychological factors, such as the desire for belonging, trust and emotional security, likely shaped social networks independently of ecological conditions.4,54 Cooperation and mutual support also evolved from shared risks, collective defence and cultural transmission.54 Across diverse environments, hunter-gatherer societies relied on trust-based interactions, trade and social bonding to reinforce group identity, maintain alliances, and transmit knowledge across generations.54 Thus, human social networks emerged from the interplay of environmental, psychological and cooperative factors, providing a nuanced understanding of connectivity across ecological and cultural landscapes.4,54

Synthesis and discussion

Research is making important strides in differentiating cultural trans-mission and connectivity from convergence; for example, through approaches such as geometric morphometrics46 and frameworks like BACT, which assess the sequential stages of tool replication and offer a more direct route to evaluating the cognitive and social investments involved7,14,17. These methods enable a more precise assessment of the learning processes underlying stone tool making and help to determine whether similarities arise from shared traditions or independent innovation. However, further advances are still needed, particularly in integrating lines of evidence beyond stone tools.

Moving forward, progress lies in refining methods that disentangle convergence from cultural transmission. Beyond simply documenting similarities, future research should investigate the mechanisms of knowl-edge transfer. Controlled experimental studies on imitation, copying and teaching, combined with middle-range theory, can provide valuable benchmarks for identifying the social learning processes embedded in toolmaking and help determine whether technological similarities reflect genuine transmission or independent convergence.14,15,43 At the same time, greater consistency in data collection and recording is needed.62 Variations in theoretical perspectives and analytical priorities often hinder meaningful comparisons, limiting the reliability of broader interpretations.62 Given the durability and widespread presence of stone tools in the archaeological record, structuring data sets for meaningful comparison is essential.62 Standardising methodologies and prioritising compatible analytical frameworks would enhance our ability to detect and interpret patterns of social learning more effectively and to distinguish them from convergence.62

Another promising direction is to combine stone tool studies with direct evidence of symbolic and social exchange, such as beads, ornaments and the movement of raw materials.2,3,13 These artefacts were often circulated between groups and can provide clearer insights into networks of interaction than stone tools by themselves.2,3,6 Recent work demonstrates this potential, using ostrich eggshell beads to show long-distance exchange networks and how climate-driven barriers influenced shifting connections.2,3 Such interdisciplinary approaches illustrate how artefact style, provenance and mobility can be combined with isotopic and environmental data to reconstruct the scale and dynamics of past social networks.2,3 Taken together, these integrated lines of evidence provide a more holistic picture of cultural transmission and human connectivity in the MSA and beyond.

Future progress will depend on developing standardised data sets that integrate technological, symbolic and environmental evidence, as well as demographic factors, for more reliable cross-site comparisons.6 Archaeology can also target proxies for the social and psychological drivers of connectivity highlighted in ethnographic and theoretical studies.5 For instance, the persistence of symbolic artefacts may indicate group identity and belonging, while raw material distributions can reflect trust, cooperation and risk-buffering strategies.5,8 By linking archaeological patterns to reciprocity, identity and emotional security, we can move beyond purely ecological explanations and better capture the social and cognitive processes underlying cultural transmission.5,8

Conclusion

African MSA stone tool assemblages provide key evidence for early human social networks and cultural transmission. While similarities across regions suggest knowledge exchange, distinguishing inherited traditions from independent adaptations remains challenging. Advances such as BACT and geometric morphometrics improve our ability to assess whether patterns reflect social learning or convergence. Future research should include controlled experiments, and integrate analyses of symbolic artefacts, raw material movement, palaeoenvironmental data, spatial modelling, and high-resolution chronologies to understand the social, cognitive and ecological drivers of technological transmission. Standardised data sets and compatible analytical frameworks are essential for cross-site comparisons, while interdisciplinary approaches linking archaeological patterns to social and psychological processes offer deeper insight. Combining refined stone tool analysis with symbolic, environmental and experimental evidence provides a holistic understanding of cultural transmission and connectivity in the MSA.
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Evaluating the real-world effectiveness of vaccines, including COVID-19 vaccines, and various biomedical interventions is crucial to address gaps in evidence from randomised controlled clinical trials and inform the national rollout of vaccinations. In the context of COVID-19, these gaps may include vaccine effectiveness against variants of concern and in high-risk subgroups such as people living with HIV. Designing vaccine effectiveness studies is more complex than designing randomised controlled clinical trials as it requires the availability of reliable, routinely collected data. Effectiveness studies in low- to middle-income countries (LMICs) are essential for tailoring vaccination strategies, addressing high-risk subgroups, ensuring equitable protection, and contributing valuable data to global health efforts. However, fewer COVID-19 vaccine effectiveness studies have been conducted in LMICs, including on the African continent, compared to high-income countries. Through our experience, it has become clear that national health data systems, resources and infrastructure, as well as adequate statistical capacity – which is crucial when conducting robust effectiveness studies – are lacking in LMICs. While each COVID-19 vaccine effectiveness study employed a specific study design and analytical approaches, none, to our knowledge, provided a rationale for their study design and statistical methods. Drawing from practical experiences, reflections and lessons learnt after designing a COVID-19 vaccine effectiveness study in a resource-limited setting, we present key considerations for data sources needed to run real-world effectiveness studies, for study designs, and for statistical modelling suitable for effectiveness studies. In the context of COVID-19, the study designs and statistical models are suitable for both prime and booster vaccines.

Significance:


	•
Substantially fewer COVID-19 vaccine effectiveness studies have been conducted in LMICs than in high-income countries.


	•
The lack of integrated national health data systems contributes to the lack of robust effectiveness studies in general and this was also observed during the COVID-19 pandemic.


	•
While each COVID-19 vaccine effectiveness study employed a specific study design and analytical approaches, none, to our knowledge, provided a rationale for their study design and statistical methods.


	•
Therefore, drawing from practical experiences, reflections and lessons learnt after designing a COVID-19 vaccine effectiveness study in a resource-limited setting, we present key considerations for study designs, data requirements and statistical modelling suitable for effectiveness studies.









Introduction

The COVID-19 pandemic started in December 2019 and affected millions of lives globally.1 In March 2020, the first phase 1 trials of COVID-19 vaccines commenced.2 By December 2020, there were several COVID-19 vaccine candidates being tested in large phase 3 randomised clinical trials.3-5 Vaccine efficacy levels from randomised clinical trials ranged from 66% to 95%, depending on the endpoint of interest.4-7 From December 2020, countries started rolling out vaccines, necessitating evaluation of vaccines outside randomised controlled trial settings.8 Vaccine effectiveness studies in low- and middle-income countries (LMICs) are essential for tailoring vaccination strategies, addressing high-risk subgroups, ensuring equitable protection, and contributing valuable data to global health efforts. Moreover, these studies have the advantage of allowing for the detection of less frequent adverse effects.9

Regardless of the disease or condition, effectiveness studies are generally challenging to design, analyse and interpret due to their susceptibility to biases and methodological complexities.10,11 This difficulty is due to the lack of random assignment of individuals, which reduces selection bias and systematic variations between, for example, vaccinated and unvaccinated individuals. Moreover, making probabilistic statements about the likely similarities between vaccinated and unvaccinated individuals concerning the outcome(s) and drawing causal inferences becomes challenging.

As a result, the World Health Organization (WHO) provided interim guidance on the evaluation of COVID-19 vaccine effectiveness12, primarily aimed at evaluations undertaken in LMICs, to address study design, sample size, biases and data collection on potential covariates and confounders. Despite the WHO's guidance, only a few COVID-19 vaccine effectiveness studies have been conducted in the WHO’s African region and most countries in the Global South.13 According to the International Vaccines Access Center (IVAC)13, and a systematic review of vaccines administered in Africa14, as of May 2024, only seven COVID-19 vaccine effectiveness studies were reported in the WHO’s African region15-21. In contrast, 257 studies were reported in the region of the Americas, 214 in the European region, 53 in the Western Pacific region, 30 in the eastern Mediterranean and 10 in the Southeast Asian region (Figure 1). The lack of contribution of the African region to vaccine effectiveness estimates is despite the commendable implementation of strategic, operational and tactical coordination mechanisms by the WHO AFRO region in response to COVID-19.22 This paucity of COVID-19 vaccine effectiveness studies highlights an urgent need to strengthen health and data systems, not only to produce timeous health reports to track pandemics and epidemics, carry out effectiveness studies for various interventions and keep the research community updated, but also to contribute to improving the welfare of the African population.23
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Figure 1: COVID-19 vaccine effectiveness (VE) studies conducted in the regions of the World Health Organization.



While several articles that we sourced from Google Scholar, PubMed and other sources presented COVID-19 vaccine effectiveness estimates, to the best of our knowledge, none has provided a rationale and motivation behind the choice of the study design and statistical analysis approach. In this paper, we discuss key considerations for data sources needed to run real-world vaccine effectiveness studies for prime and booster vaccines, for study designs and for statistical modelling suitable for vaccine effectiveness studies, reflecting on lessons from the Sisonke Phase 3b trial implementation study15 which was conducted in South Africa. These considerations are not exclusive to vaccines but also applicable to most biomedical interventions evaluated in clinical trials.

Study designs used in assessing vaccine effectiveness

The WHO recommended five study designs to measure COVID-19 vaccine effectiveness: test-negative case-control, cohort, case-control, screening method and regression discontinuity design.12

It is important to note that each of the aforementioned designs has strengths, weaknesses and biases that should be mitigated. To date, the most commonly used study designs are cohort, test-negative case-control, and, to a lesser extent, case-control; these are the focus of the next section. It is important to outline these study designs because the challenges in conducting vaccine effectiveness studies are directly linked to the availability of data sources required for each study design. Moreover, this outline will be broadly applicable to other diseases for which effectiveness studies are crucial.

Test-negative case-control study

The test-negative case-control design, which is suitable for infectious diseases, was introduced in 200724, and has been widely used to estimate the effectiveness of influenza and rotavirus vaccines. This design has been used to assess vaccine effectiveness against symptomatic SARS-CoV-2 infection or severe COVID-19 in countries such as England25, Brazil26, Canada27, Qatar28, the USA29, and South Africa17-19.

In the test-negative case-control design, individuals seeking medical care for COVID-19-like or respiratory symptoms are tested for SARS-CoV-2. Those who test positive for the pathogen serve as cases and those who test negative serve as controls.

The most important strength of this design is that cases and controls have a similar symptom profile and are therefore likely to be similar in various respects, thereby reducing selection bias. The same selective forces that lead individuals to be tested should operate on both those who test positive and those who test negative, and this mechanism is expected to produce a valid vaccine effectiveness estimate. Symptomatic individuals can be recruited from the same health facility (inpatient or outpatient).

The WHO recommended test-negative case-control design as an efficient and accurate method in LMICs to assess vaccine effectiveness against severe and symptomatic COVID-19.12 On paper, this design is easy to implement. At a minimum, a data set with the following variables is suitable for this design: Among individuals who present with COVID-19 symptoms (as inpatients or outpatients): (i) the symptoms that people present with to confirm eligibility; (ii) SARS-CoV-2 results from highly sensitive and specific diagnostic tests such as polymerase chain reaction (PCR) and specimen collection date; (iii) vaccination date, which should be captured at the time of specimen collection; and (iii) sociodemographic and clinical variables associated with vaccination and COVID-19.

The WHO recommended that, if necessary, cases and controls should be matched by time of enrolment to account for the evolving nature of the pandemic and circulating variants. This approach ensures that cases and controls are selected at a similar time period. Subsequently, multivariable logistic regression should be used to estimate the ratio of the odds of vaccination among cases compared with controls.

Cohort study

This study design is broadly applicable to both infectious and non-infectious disease outcomes, and has been used to assess vaccine effectiveness against any documented SARS-CoV-2 infection, symptomatic SARS-CoV-2 infection, COVID-19 related hospital admissions and mortality in countries such as South Africa15, Morocco30, Israel31 and the USA32,33.

In a cohort study, vaccinated and unvaccinated individuals are prospectively followed up to ascertain an endpoint or disease occurrence. The WHO recommended that this design be used in settings with the capacity for rigorous follow-up to determine vaccination status and disease status and collect accurate and complete covariates to adequately adjust for confounding. This design can also be conducted retrospectively; however, reliable vaccination status is difficult to ascertain in retrospective cohorts without good vaccination records. Under this design, stratified analyses can be undertaken based on subgroups and common variants of concern. To assess vaccine effectiveness under specific variants of concern, either the sequencing data or the availability of data showing when each variant was dominant in various countries is crucial. After extraction of these timepoints, the follow-up period of an individual is split accordingly, thereby allowing individuals to contribute person-time to each variant of concern during their period of observation.

A data set with a minimum of the following variables is suitable for this design: (i) vaccination date, which should be constantly updated during follow-up to avoid misclassification; (ii) date of endpoint/ diagnosis or date when endpoint(s) was measured; and (iii) sociodemographic and clinical variables associated with vaccination and COVID-19. Vaccinated and unvaccinated individuals can be matched on key characteristics, or they could be adjusted for in a multivariable model.

Thereafter, the rate of disease is estimated within each of the vaccinated and unvaccinated groups and compared using either multivariable Poisson regression, with exposure time as an offset, or multivariable Cox proportional hazards regression.

Case-control study

The case-control design, also suitable for infections and non-infectious diseases, was used to measure vaccine effectiveness against asymptomatic and symptomatic SARS-CoV-2 infection, severe illness, hospitalisation and death in Zambia20, China34 and the USA35.

In a traditional case-control design, individuals diagnosed with COVID-19, irrespective of symptoms, are eligible to be considered as cases. Controls are individuals not diagnosed with COVID-19 but who had the same likelihood of being classified as cases if they had been infected with SARS-CoV-2. Controls should be drawn from the same setting or population from which cases were derived, e.g. community, hospital or prison. Drawing controls from each of these settings can be challenging36, especially for community controls, as they would not have presented themselves to healthcare facilities for complete data collection, necessitating costly fieldwork to be carried out. Cases and controls can be matched on variables associated with vaccination and SARS-CoV-2 infection, including the calendar time of enrolment.

Like other designs, case-control studies are also susceptible to biases that could decrease or increase vaccine effectiveness estimates. Healthcare-seeking behaviour or access to care can bias vaccine effectiveness estimates towards the null because vaccinated individuals may be more likely to seek care if diagnosed with SARS-CoV-2 infection and thus defined as cases.37 As indicated, test-negative case-control attempts to mitigate this bias, as both cases and controls seek care.

A data set with the following variables is suitable for this design: (i) SARS-CoV-2 results from highly sensitive and specific diagnostic tests and specimen collection date; (ii) vaccination date which should be captured at the time of specimen collection; and (iii) sociodemographic and clinical variables associated with vaccination and COVID-19. Similarly to test-negative case-control, multivariable logistic regression should be used to calculate the ratio of the odds of vaccination among cases compared with controls.

Lessons learnt from evaluating vaccine effectiveness in the Sisonke study

The Sisonke study was a single-arm, open-label, phase 3B implementation study that enrolled 477 102 healthcare workers aged 18 years and older.15 The study participants received a single dose of Ad26.COV2.S vaccine between 17 February 2021 and 17 May 202115 and were eligible for a second dose of Ad26.COV2.S (via the Sisonke 2 trial) from 9 November 2021. Assessing vaccine effectiveness required a robust comparator group of unvaccinated individuals with exposure to SARS-CoV-2 comparable to that of healthcare workers.

When COVID-19 emerged in South Africa, the South African Department of Health and Public Health institutes such as the National Institute for Communicable Diseases (NICD) worked extremely hard to develop databases to collect vaccination data, SARS-CoV-2 test results and COVID-19 related admissions. The country had a well-established Civil Registration and Vital Statistics System (CRVS) with a high proportion of deaths being registered.

However, in 2021, linking all these databases to design a cohort study or test-negative case-control study within Sisonke posed challenges. One of these challenges was the inconsistent capturing of the unique identifier in the form of a South African identification number. This limitation was also observed in other epidemiological studies in the same setting.38 Secondly, none of the databases collected data on COVID-19-related symptoms at the time of testing for SARS-CoV-2 – an important premise for a valid and robust test-negative case-control study.

In view of the many individuals being tested as a result of contact with confirmed or suspected COVID-19 cases, or prior to any hospitalszation (trauma events, elective surgeries, etc.), the available data from our setting would severely compromise the test-negative case-control design. While valuable, the routinely collected data on SARS-CoV-2 infection, COVID-19 hospitalisation and deaths for only the Sisonke participants were clearly not sufficient to evaluate vaccine effectiveness. The solution was to use data from two medical care organisations that provide health insurance in South Africa to design a vaccine effectiveness study. While these databases played a crucial role in vaccine effectiveness studies by providing complete and reliable data on demographics, comorbidities and endpoints, we acknowledge that the insured population may not be representative of the general population. Insured individuals tend to be older than the uninsured39 or the general population40. Moreover, a larger proportion have a tertiary education, have a higher total monthly household income and greater access to healthcare services compared to the uninsured population.39

As already indicated, without symptoms linked to both cases and controls, the robustness of test-negative case-control becomes questionable. Consequently, in one South African study that utilised the test-negative case-control design, data on COVID-19-like symptoms were not available.16 Still, a deduction was made on the basis that COVID-19 PCR tests were funded from medical scheme benefits on referral from a clinician. Hence, test results were most likely to be available for the symptomatic population.

Infrastructure and national data systems

Ideally, vaccine effectiveness and effectiveness studies in general require national data systems similar to those from the medical insurance schemes in which vaccination data, sociodemographic data, clinical characteristics and outcomes can be found in the same database and are linked by a unique identifier. Although South Africa does not have a national health data system, the Western Cape Department of Health has a Provincial Health Data Centre, which consolidates all person-level health data (hospital, laboratory, pharmacy, primary care, disease management, mortality, etc.).41 These data were valuable for generating valid vaccine effectiveness estimates despite being confined to only one of the nine provinces in South Africa42; routine data collected across all nine provinces would be beneficial for country-wide evidence-based decision-making. Availability of data is crucial for preventing, preparing for, and responding to future pandemics and endemic diseases.

As already stated, effectiveness studies are not limited to COVID-19 research. South Africa reported the highest number of new human immunodeficiency virus (HIV) infections globally in 2023.43 Various pre-exposure prophylactics have been found to be effective for HIV, ranging from pills to long-acting formulations such as injectable cabotegravir and lenacapavir44-46, although real-world implementation and effectiveness of such interventions across populations not represented in clinical trials are still needed47. However, this will not be possible in resource-limited countries in the Global South that do not have national health data systems unless such interventions are conducted within research sites, using clinical trials infrastructure by teams already running clinical trials.

A common drawback of vaccine effectiveness studies is the lack of random assignment of individuals to vaccination, which exacerbates selection bias due to potential differential key characteristics between vaccinated and unvaccinated individuals and also between cases and controls. Therefore, complete data on these characteristics are necessary to enable robust (less biased) and near valid vaccine effectiveness estimates.

In the Sisonke study, self-reported HIV prevalence obtained from the electronic vaccination data system was 8.3%, compared with 16.3% obtained from medical insurance data – about a twofold difference.15 Further considering the high burden of undiagnosed disease among men and women in LMICs48, this indicates a large misclassification of participants due to potential underreporting of comorbidities. Medical insurance data allowed for complete adjustment for effect modifiers, confounders and stratification (sub-group) analyses at the expense of utilising half the Sisonke cohort.

Despite recommendations from the WHO to conduct test-negative case-control studies in LMICs to assess vaccine effectiveness against severe and symptomatic COVID-19, this approach was not always feasible in our setting. In the Sisonke study, conducting a matched cohort study was the next viable approach. However, this approach was very resource intensive. The data set was extremely large with the total insured population in excess of two million, and tasks such as data manipulation, matching vaccinated and unvaccinated individuals, and creating bootstrap samples required advanced programming skills and high-performance computers. High-performance computers are essential because bootstrap sampling is computationally intensive; in our case, it took over 12 hours to complete.

It is worth mentioning that this type of sampling and analysis requires the services of well-trained biostatisticians, a specialised and scarce skill set that still needs capacity building in Africa.49 While there are numerous initiatives to address the shortage and lack of local biostatistician capacity in the African setting50, these initiatives need to be coupled with practical exposure or experience. Between 2010 and 2019, only 2% of clinical trials worldwide were set in sub-Saharan African countries.51 The implications are clear: researchers in the African setting are not getting maximum exposure to groundbreaking research activities, including designing and analysing clinical trials.

Assessing relative effectiveness of boosters

As new information regarding the durability of vaccines emerged, booster vaccines were widely recommended, and the need to assess the relative effectiveness of booster vaccines emerged.

Robust measurement of the relative effectiveness of boosters in South Africa after the booster vaccine rollout at the end of 2021 was challenging due to the fewer number of patients admitted to hospital, less clinically severe illness, and a lower case-fatality ratio compared to the first three COVID-19 waves between May 2020 and September 2021.52,53 This directly impacts the precision in booster vaccine effectiveness, which is a function of the number of events. Crucially, assessing booster effectiveness requires accurate and complete documentation of vaccine records, allowing endpoints and supporting data to be linked to the correct vaccination episode. This complexity makes it challenging to design cohort or test-negative case-control studies.

As a result, an alternative statistical approach that allows for vaccination status per individual to vary over time has been used to assess COVID-19 booster vaccine effectiveness.54-61 This approach enables studying multiple boosters, whether they are homologous or heterologous. This approach is achieved by modelling the time-varying vaccination status as an exposure variable while adjusting for potential confounders in a Cox proportional hazards regression model (Equation 1). Time-varying exposures are common in survival analyses, making this valid approach easy to implement in standard software packages.

The hazard function is given by:

h(t|Zi(t),PV,Xi, Mi(t),)=h0(t) exp (β1Zi(t)+β2PVi+β3XiT+β4MiT(t))Equation 1

for i=1, …, n individuals. Zi(t) represents the boost indicator, which is a time-varying covariate which takes a value of 0 before the boost and a value of 1 or 2 when the time is 14 or more days after the first or second boost, respectively. Here, heterologous and homologous boosting can be assessed together. Xi represents a vector of time-fixed covariates and Mi(t) represents a vector of time-varying covariates. PV is the standardised time since prime vaccination (i.e. first or primary dose of any vaccine) defined as P- min (P), where min(P) is the time since the prime dose for someone who had the shortest time since the primary dose.

For ease of illustration, see Figure 2, where individuals start from the unboosted period and cross over to the booster period provided they receive a booster that is under study. Figure 2 is based on a vaccine regime where an individual is considered fully vaccinated after receiving one dose (e.g. Ad26.COV2.S vaccine).
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Figure 2: Illustration of exposure time and the timing of events before and after boosting using pseudo individual identifiers (PID).

t1, date of primary dose receipt; t2, earliest date of the booster dose (i.e. date when individuals were eligible to get a booster dose); tf, end of study follow-up; tv, booster vaccine administration date; te, endpoint date

PID1: An unboosted individual who did not experience an event during follow-up. Unboosted person-time begins from the date when individuals were eligible to receive the booster (t2) to the end of follow-up (tf).

PID2: An unboosted individual who experienced an event. Unboosted person-time begins from t2 to event date (te).

PID3: A boosted individual who did not experience an event. Person-time will be separated into (i) unboosted from t2 to booster dose receipt date (tv) and (ii) boosted from tv +14 days to tf.

PID4: A boosted individual who experienced an event before boosting. Unboosted person-time begins from t2 to te. Exposure time after boosting will be excluded from the analyses.

PID5: A boosted individual who experienced an event after boosting. Person-time will be separated into (i) unboosted from t2 to tv and (ii) boosted from tv+14 days to te.

PID6: An individual who received a booster not under study. Unboosted person-time begins from t2 to tv.

Note: The period between t1 and t2 is excluded from the analyses.



Calendar time is used instead of time to event scale where exposure time is calculated from the official date when individuals are eligible to receive boosters (i.e. time t2). This is intuitive for analyses of vaccines for some infectious diseases, as risk can vary substantially over time. This phenomenon was observed between 2020 and 2022 when COVID-19 epidemic waves resulted in high rates of SARS-CoV-2 infection and hospital admissions, and this varied across different variants of concerns.52,53 Through a simulation study, it was shown that using calendar time yielded less-biased estimates when compared with analyses using time to event scale.62 Again, this type of analysis requires the services of well-trained biostatisticians with expertise in advanced survival analysis. It is worth noting that this model can be applied to any type of effectiveness study in which the exposure varies over time, either by design or due to factors such as non-adherence, non-compliance or treatment switches.

Conclusion

Evaluating the effectiveness of biomedical interventions in resource-limited countries is challenging due to the lack of integrated national healthcare data systems, limited biostatistics capacity and availability of high-performance computing resources.

The consequences of this are clearly evident from the fewer COVID-19 vaccine effectiveness studies for both prime and booster vaccines conducted in the African region and countries in the Global South.

Despite the WHO AFRO region's implementation of a multilayered coordination mechanism to manage the COVID-19 pandemic, challenges remain. In the absence of national health data systems, it will be difficult to monitor future pandemics or generate data-driven evidence on their impact. Most importantly, epidemiology, statistics, data science, mathematical modelling and data management capacity should continuously be strengthened to ensure that advanced and novel analytical tools are readily available, not only for pandemics, but also for enhancing everyday research endeavours in Africa.
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Globally, children and young adolescents under 15 years old constitute approximately 11% of all tuberculosis (TB) cases, with a growing concern over TB infections in children under 5 years old, especially in resource-limited settings. Nonetheless, the true extent of TB burden among children remains inadequately explored in South Africa. The application of a random forest–Bayesian autoregressive integrated moving average (RF-BARIMA) model for infectious disease prediction has not been previously employed to study TB in children. In this study, we employed the RF-BARIMA model to forecast TB incidences, from 2010 to 2019, among children under 5 years old in South Africa’s Eastern Cape Province. Comparative analysis demonstrated that the RF-BARIMA model outperformed other models in predictive accuracy and forecast capability. Our predictions revealed a projected mean of 0.4122 TB cases per month in 2022, with an effective sample size of 4054 TB cases in the Eastern Cape Province. These findings indicate a prospective reduction of 1670.85 TB cases among children under 5 years old in the coming years. The RF-BARIMA model offers enhanced predictive and forecast accuracy in comparison to the single Bayesian ARIMA model. These results provide compelling evidence of significant under-reporting and potentially elevated TB incidence among children under 5 years old in South Africa’s Eastern Cape Province, raising important implications for public health policy and intervention strategies.

Significance:

Childhood tuberculosis (TB) in South Africa is a significant concern, with the majority of cases occurring in children aged 0–4 years. The burden in children mirrors the high burden of the adult epidemic in the country. The RF-BARIMA model integrates the non-linear pattern of random forest with the probabilistic time series forecasting strengths of Bayesian ARIMA, aiming to improve prediction accuracy and quantify uncertainty in the forecasts. The results lead to a call for urgent public health policy and intervention strategies to address the under-reporting and elevated TB incidence in this vulnerable demographic, further reinforcing the study’s global significance.






Introduction

In recent years, despite increased global awareness of the prevalence of paediatric tuberculosis (TB), the development of machine-learning algorithms to enhance diagnostic methods has been limited. In 2021, approximately 1.2 million children were estimated to contract TB, but only a third of children aged 0 to 5 years received proper care and were reported in national TB programmes.1,2 Although collecting and testing many samples may increase diagnostic yield and improve diagnosis, implementation at the primary care level, where the need for adequate diagnostic tools is most significant, remains challenging.3,4 Machine-learning algorithms are computational methods that enable systems to learn from data and make predictions or decisions without explicit programming. Popular machine-learning models for TB incidence prediction – such as autoregressive integrated moving average (ARIMA), seasonal ARIMA, decision trees and neural networks like recurrent (RNN) and backpropagation (BPNN) neural networks – have shown high accuracy rates in diagnosing TB from clinical data.5,6 Machine-learning algorithms can be used to predict incidence rates, improve diagnostics and close the treatment gap in childhood TB.7,8 Machine learning has become a valuable tool for forecasting TB cases among children, particularly in resource-limited settings. Models such as ARIMA, hybrid ARIMA and artificial neural networks (ANN), and deep learning approaches have been employed to improve predictive accuracy and support targeted public health interventions. Hybrid models, especially ARIMA-ANN, have outperformed traditional ARIMA methods, showing significantly better performance (p < 0.001).9 Deep learning models like convolutional neural network combined with long short-term memory (CNN-LSTM) and multilayer perceptron (MLP) have also demonstrated strong predictive capability, achieving minimal forecasting errors.10

The World Health Organization (WHO) has conditionally approved a new TB diagnostic algorithm with a sensitivity of 85% when using chest X-ray features (visible signs of TB conditions), or 30% specificity without them.11 However, the algorithm still requires further validation and training for accurate interpretation. Various forecasting models are employed for infectious diseases, including grey prediction12,13, exponential smoothing prediction14, dynamic model15, Box-Jenkins16,17, and others. When using the forecasting method to attain accurate prediction, models are developed based on the features of the time series, such as historical incidence rates, seasonality patterns, demographic data, public health interventions, social and environmental factors, and population mobility. When the prediction effect of a single model is not optimal, many studies choose the combination model prediction approach.18-21 The combined model can absorb the advantages of two or more methods in order to achieve greater forecast accuracy.

Bayesian inference is a widely used method for analysing conditional probabilities of events, such as predicting hierarchy time series data22, seasonality23,24, and multi-step-ahead prediction25. It is also applied in general estimation, prediction tasks26 and statistical analysis27. In time-series forecasting, the Bayesian method can be employed to forecast using a Kalman filter and smoothing technique and the Markov chain Monte Carlo (MCMC) method.28 One study demonstrated the effectiveness of Bayesian networks in accurately predicting clinical parameters of chronic obstructive pulmonary disease (COPD) patients’ time series data.29 This not only improved computational efficiency but also optimised the modelling process. Additionally, dynamic Bayesian networks, which combine Kalman filtering models and echoing neural networks, have been utilised to predict multi-step-ahead time series data.25 Panagiotelis et al. proposed the use of Bayesian density techniques, specifically multivariate skewed t-distributions, for forecasting intraday electricity price.30

Accurately predicting microbiologically confirmed cases of TB in young children who are suspected of having the disease is crucial for targeted clinical decision-making and future advancements in diagnostic research initiatives. To achieve this, eight hybrid machine-learning classification models were developed and evaluated by combining features of existing machine-learning models . These models aimed to predict the incidence of microbiologically confirmed TB in children under the age of 5 years in the Eastern Cape, South Africa. The primary objective of this study was to assess whether machine-learning algorithms could effectively predict microbiological confirmation in paediatric TB patients. During the model selection process, we carefully analysed various model metrics to evaluate and compare the performance of these machine-learning models.

Methods

We employed eight machine-learning time-series prediction models to evaluate and compare the effectiveness of both single and hybrid machine-learning approaches in forecasting the incidence of childhood TB in South Africa. By evaluating both single and hybrid versions of the models, we could ensure that we chose the most accurate and robust model for predicting TB incidence, thereby improving public health strategies and resource allocation. The models we selected are: (1) auto-ARIMA, (2) ARIMA with XGBoost error (boosted ARIMA), (3) Error-Trend-Season (ETS) with exponential smoothing state space, (4) Prophet, (5) time-series linear regression model (LM), (6) Multivariate Adaptive Regression Spline (MARS), (7) Naïve Random Walk (NRW) and (8) Bayesian ARIMA (BARIMA). The hybrid models were the above eight models combined with a random forest (RF) model: RF-auto-ARIMA, RF-XGBoost, RF-ETS, RF-Prophet, RF-linear regression model, RF-MARS, RF-NRW and RF-BARIMA. Each model was selected based on its strengths in capturing different aspects of time-series data, such as trends, seasonality and error structures, and for its suitability for the forecasting task, which are critical in forecasting TB case counts. The hybrid models help capture non-linear relationships and interactions between features, improving the predictive accuracy of each base model. The hybrid approach takes advantage of the strengths of both the time-series method (which handles the temporal structure of the data) and random forest method (which excels in handling complex, high-dimensional data).

Study area and data source

This study focused on confirmed TB cases in children under the age of 5 years in the Eastern Cape Province. We sourced monthly TB incidence for the period from January 2010 to December 2019 from the Electronic Tuberculosis Register (ERT.NET) of the Eastern Cape’s Department of Health. A total of 120 monthly data points covering a 10-year period were collected from the electronic TB record. These 120 observations represent the total number of available monthly data points for TB incidence over this timeframe. While there is no universal rule for the minimum number of observations required for predictive modelling, the commonly suggested threshold of 100 observations is intended to provide sufficient data for model training, validation and testing. However, the actual number needed depends heavily on the complexity of the model, the variability and seasonality of the time series, and the forecast horizon. For example, models applied to highly volatile or seasonal data may require significantly more observations to capture underlying patterns reliably and avoid overfitting. Therefore, the adequacy of sample size should be assessed in relation to the specific characteristics of the data set and the goals of the analysis.31 The cases in this study were split into two sets: a training data set comprising 108 observations (from January 2010 to December 2018) and a testing data set consisting of 12 observations (from January to December 2019).

Forecast models

1. Auto-ARIMA model

ARIMA consists of three key components. This model is represented in two main forms: non-seasonal and seasonal ARIMA. The non-seasonal version is expressed as (p, d, q), where ‘p’ signifies the autoregressive order, ‘d’ indicates the differencing order, and ‘q’ represents the moving average order. The seasonal ARIMA model incorporates data seasonality and follows a similar process to non-seasonal ARIMA but considers seasonal patterns. To ensure the ARIMA model’s effectiveness, it is crucial that the data exhibit stationarity, that is, maintaining a constant mean and variance throughout the data set, as described by Equation 1:

Yi=μ+∑k=1pϕk⁢(Yi−k−μ)+εt+∑i=1qθi⁢εi−i  t∈ZEquation 1

where μ is the mean process, εt is a white noise process with mean zero and variance, σ2, ϕp≠0 and θq≠0. The model is specified with the residual errors23 as:

εi=ϕ1εt-1+…+ϕpεt-p+μi-φ1μt-1-…-φqμt-qEquation 2

where ϕLεi=φLμi for a polynomial with the lag operator (LdXt=Xt-d). L is the lag operator, φi is the moving average parameter, p is the order of the lagged observation, d is the degree of difference, and μi is the white noise specified by (μi~Normal (0,σ2)). The time-series predictors (Yi) can be predicted by the autoregressive approach given as:

Yi=1-LdXt and

1-∑i=1p∅iLiYi=1+∑i=1qφiLiεi

These concepts and equations were used in this study to forecast the values of TB incidence among under-5-year-old children for validation. However, autoregressive (AR) = ϕz and moving average (MA) = θz characteristics polynomials are expressed as: ϕz=1-ϕ1z-ϕ2z2-…-ϕpzp and θz=1-θ1z-θ2z2-…-θqzq. The difference is taken d times until the original series becomes stationary, which is known as ‘integrated’. In general, a d-th order difference can be written as: Yt′=1-BdYt, where B is the backshift operator. However, we created a basic univariate auto-ARIMA machine-learning model with a date-time feature in the model to generate the ARIMA model.

2. XGBoost model

Extreme Gradient Boosting (XGBoost is a robust machine-learning system that employs gradient boosting decision tree algorithms. It assesses the significance of input features and predicts errors to make final predictions.31-33 Originally developed by Chen Tianqi and Carlos Gestrin in 2011, XGBoost has seen continuous refinement and enhancement by various researchers.34 In practice, it often requires multiple iterations to obtain sufficient accuracy.35 XGBoost is a powerful gradient-boosting machine method.36,37 The XGBoosting function can be written as:

X⁢Ft=∑i=1nl⁢(Yt⁢Y^tt−1+ft⁡(xi))+∅⁡(ft)+c  Equation 3

where Yt is the observed value, Y^tt-1 represents the predicted value from the last iteration, ft represents the new function for learning models, xi is the feature vector, n is the sample size, ∅ft is the regularisation term that controls model complexity, and l is the loss function that measures the difference between the label and the prediction in the previous phase to produce the output of the new tree.32,38 For this study, an XGBoost model was created to specify a time-series model using boosting, aiming to enhance the modelling of residuals or errors related to exogenous regressors. The tuning parameter settings for this model included the number of randomly sampled predictors at each tree split within the ensemble. These arguments were specified with specific names during the model fitting process.

3. ETS model

The ETS model, which utilises exponential smoothing within a state space framework, was employed as one of the predictive models for the time-series data. The algorithms used in the exponential smoothing techniques generated point forecasts from the state space model expressed as:

Forecast equation: y^t+1|t=ltEquation 4

Smoothing equation: lt=αyt+1-αlt-1=lt-1+αεtEquation 5

where εt=yt-lt-1=yt-y^t|t-1 is the residual at time t. The training data errors lead to the adjustment of the estimated level throughout the smoothing process. The model usually has a three-character string identification method using the framework terminology of Hyndman et al.39 The residuals training additive errors εt is assumed to be normally distributed white noise with mean zero and variance σ2 as:

yt=lt-1+εt

lt=lt-1+αεt

εt=yt-lt-1-bt-1~NID⁡0,σ2

When inserting these into the error correction equations for Holt’s linear method, we get:

yt=lt-1+bt-1+εt

lt=lt-1+bt-1+αεt

bt=bt-1+βεt

where β can be set as β=αβ*. Based on the classification, the method is fully automatic and only requires arguments for ETS time series.40,41

4. Prophet model

The Prophet model, introduced by Facebook Inc. in 201742, is designed for predicting time-series data characterised by significant seasonal patterns and multiple seasons of historical data43. Prophet is known for its resilience in handling missing data and effectively managing outliers.44 This model breaks down the time series into three primary components: the seasonal term St, the trend term Tt, and the residual term Rt:

yt=St+Tt+RtEquation 6

In addition, to satisfy the needs of the actual scenario, the Prophet model integrates the effect of holidays h(t):

yt=gt+st+h(t)+εtEquation 7

where gt describes a piecewise-linear trend (or ‘growth term’), st describes the various seasonal patterns, h(t) captures the holiday effects, and εt is a white noise error term.

In the Prophet model used, the first step was to model the time series with specified parameters. The second step was to set the weekly and daily seasonal components to True to improve the prediction argument results fitted in the model. The forecast was then obtained and the performance evaluated.

5. Time-series linear regression model

A time-series linear regression model uses a linear algorithm function from the parsnip R package workflow to model the trend and seasonality of the data. The function fits the regression model and machine-learning predictions using tidyverse R packages principles.45 The linear model assumes a linear relationship that exists between the forecast and predictor variables, expressed as:

yt=Xtβ+εtEquation 8

This indicates that the errors must have a mean of zero, or the forecasts are biased. The residuals must not be autocorrelated; if they are, the forecasts will be inefficient because the data contain more information that can be utilised. The residuals must be independent normal random variables with constant variance in order to create accurate inferences and prediction intervals. The trend is the slope of yt=Xtβ+εt. The model uses predictions to generate new values for independent features. These feature lags are typically used in autoregressive models.

6. Multivariate Adaptive Regression Spline model

The MARS model was created by modifying the algorithm process to use a workflow that standardises the pre-processing of the features of MARS machine learning model. The algorithm automatically creates a piecewise linear model that captures the non-linear relationships in the data by assessing knots similar to step functions46. The procedure evaluates each predictor from each of the data points as a knot and creates a linear regression model with the candidate feature(s). Considering non-linear, non-monotonic data where Yt=fXt, the MARS procedure looks for a single point across the range of Xt values where two different linear relationships exist between Yt and Xt achieve the smallest error (smallest SSE). This process continues until several knots are built to produce highly non-linear predictions, and the knots were used to fit a better relationship with our training data. After the full set of knots were established and identified, we removed those that did not significantly contribute to predictive accuracy.

7. Naïve Random Walk

The NRW model in this study was based on an algorithm that assumes a variable Yt takes a random step away from its previous value in each time period. These steps are independently and identically distributed in size (i.i.d.), represented as Yt=Yt-1+wt, where wt is a discrete white noise series. To process the variable, the first difference is calculated, and the model’s mean is applied. Additionally, a backward shift operator Β is applied to the NRW as follows:

Yt=ΒYt+wt=Yt-1+wtEquation 9

And stepping back further:

Yt-1=ΒYt-1+wt-1=Yt-2+wt-1Equation 10

This process was repeated until the end of the time series to get:

Yt=1-Β+Β2+… Yt

⟹ Yt=wt+wt-1+wt-2+Equation 11

We used a workflow interface for adding pre-processing of the time-series data into the algorithm functions of the NRW model.

8. Bayesian-ARIMA model

In this context, an ARIMA model was created similarly to Model 1, but with a Bayesian approach. The Bayesian structural regression algorithm was employed to specify a Bayesian structural time-series model before fitting to effectively handle unobserved components within time-series data and provides more accurate uncertainty estimates. This approach manages uncertainty more effectively by allowing the measurement of posterior uncertainty for individual components, control over component variances, and the incorporation of prior assumptions into the model. The model can be represented as follows:

Yt=μt+xtβ+St+εt, εt~N0,σε2Equation 12

μt+1=μt+υt,υt~N0,σε2Equation 13

where μt is the unobserved trend, xt represents a set of regressors, and St denotes seasonality. This technique does not rely on differencing, lags or moving averages. The model was created using the fit function from a stan algorithm of the bsts package in R to pre-process the time-series data.

Hybrid models

The proposed hybrid models used in this study were based on a combination of the RF model and the eight previously mentioned machine-learning models. The advantage of these hybrid models is that they leverage the strengths of both the RF model and a diverse set of complementary forecasting techniques. The hybrid approach is designed to capture both non-linear patterns of RF and probabilistic time-series forecasting strengths. This ensemble strategy improves robustness and generalisation, making it a strong candidate for forecasting childhood TB incidence, particularly for complex and noisy time-series data for which single models may not perform well consistently.

RF is a bagging-based ensemble method which constructs multiple de-correlated decision trees to improve predictive accuracy. It is widely regarded as a strong ‘off-the-shelf’ learning algorithm due to its reliable performance and minimal need for hyperparameter tuning. In this study, the RF model was implemented using the randomForest package in R, and variable importance metrics were examined to assess the contribution of different predictors. By combining RF with diverse forecasting techniques, we aimed to produce more stable and accurate TB incidence predictions over time.9,18,47-49

In this analysis, the first measure involved permuting the TB data and recording the prediction error on the out-of-bag portion of the data using the mean squared error (MSE) for each tree in the regression classification. The MSE and variance were then calculated using the out-of-Bag-Error estimation. This procedure was used to assess the accuracy and robustness of the RF model. By using out-of-bag error estimation and calculating the MSE and variance, we obtained an unbiased measure of model performance without needing a separate validation set, helping ensure reliable predictions for TB incidence.

The model utilised two-thirds of the data for training and the remaining for testing to validate the trees. During the model creation, only one variable was randomly considered at each split, and a total of 500 trees were generated.

The results show a 72.9% increase in MSE for the model’s variable importance and an 82.7% variance explained by the model. The analysis included plotting the error against the number of trees and also the absolute residual values against the probability distribution of random variables (Figure 1). This was done to determine the point at which the model’s performance stabilises, helping to select an optimal number of trees and avoid overfitting. It was observed that, as more trees were added and averaged, there was a decreasing trend in the error.
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Figure 1: Plot of error vs number of trees (left) and cumulative distribution of residuals (right).



Errors were recorded using the MSE. Residuals from the RF model were calculated by subtracting the predicted TB values from the actual observed TB cases. These residuals represent the portion of the data not captured by the RF model. To improve forecasting accuracy, these residuals were then used as input for fitting various hybrid models, allowing the second model in each hybrid to learn and correct the errors made by the RF model. Then, hybrid models were employed to forecast TB cases for the years 2020, 2021 and 2022. Finally, the predictive accuracy of the single machine-learning models and the hybrid machine-learning models was compared to determine which model performed best in terms of predictive accuracy.

Accuracy metrics and model evaluation

We assessed the true model accuracy by comparing predicted values to actual values, using a range of performance metrics to precisely measure model accuracy. To comprehensively evaluate predictive performance and determine the best model, we employed three specific parameter metrics: mean absolute error (MAE), mean absolute scaled error (MASE) and root mean squared error (RMSE):

MAE=1n∑i=1ny^i-yi

MASE=MAEMAEnaive=1n∑i=1ny^i-yi1n-1∑i=2nyi-yi-1

RMSE=1n∑i=1ny^i-yi2

We evaluated the accuracy of each model using a test data set and then recalibrated to improve its forecasting accuracy across the entire data set.

Data analysis

The statistical analyses were conducted in RStudio (Version 4.1.0) and packages such as forecast, fpps, TTR, randomForest and bayesmodels were employed. These packages offered the essential tools to facilitate robust model-building and ensure the most accurate model configuration.

Results

During the timeframe spanning from 2010 to 2019, a comprehensive analysis was conducted on a total of 120 cases of TB among children under the age of 5 years. Figure 2 shows the trajectory of TB incidents in under-5-year-old children in the Eastern Cape Province; a discernible upswing in reported TB cases can be seen between 2016 and 2019. It is noteworthy that the confirmed case counts fluctuated across months in a distinct pattern influenced by both annual seasonality and overarching long-term trends.
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Figure 2: Monthly tuberculosis cases among under-5-year-old children in the Eastern Cape Province of South Africa, 2010–2019.



To facilitate effective model training and evaluation, the entire data set underwent a meticulous partitioning process, resulting in distinct training and testing subsets. To maintain a minimum of 100 samples for model training, the data set of 120 observations was split into 108 samples for training and 12 samples for testing (90/10 split). This ensured a sufficiently large training set while preserving a small but adequate testing set for model evaluation.

Comparison of model performance

For the evaluation of model effectiveness, we employed MAE, MASE and RMSE to identify the optimal and most parsimonious model, marked by the lowest estimated accuracy values. Among the single models, the Bayesian-ARIMA model emerged as the best, showcasing the lowest MAE (1606.95), MASE (1.45) and RMSE (1833.05) values in contrast to the other models when forecasting the data. While all the models exhibited commendable performance, the RF-BARIMA model stood out as the best forecasting model, presenting the lowest MAE (986.89), MASE (0.55) and RMSE (1205.45) values (Table 1). Notably, the RF-BARIMA model demonstrated residuals that were independently distributed, further validating its reliability. The R² values for the models are near zero, not because the models are non-functional, but because of the high variance and weak linear signal in the target variable relative to the baseline (mean) model. In time-series forecasting, particularly with noisy or highly volatile data, R² often becomes misleading or uninformative, especially when the variance of the true values is large compared to the variance explained by the model. We have therefore prioritised more appropriate time-series metrics (MAE, RMSE, MASE) to assess model performance.



Table 1:Comparison of model performance and estimated accuracy metrics



	 	Single machine-learning models
	Hybrid machine-learning models

		Model description
	MAE
	MASE
	RMSE
	R2
	Model description
	MAE
	MASE
	RMSE
	R2

	1
	Auto-ARIMA
	1777.48
	1.60
	1899.90
	0.00
	RF-auto-ARIMA
	998.04
	0.55
	1206.60
	0.03

	2
	XGBoost
	1760.54
	1.58
	1993.35
	0.00
	RF-XGBoost
	1321.54
	0.73
	1484.09
	0.03

	3
	ETS (A,N,A)
	1921.11
	1.73
	2064.63
	0.01
	RF-ETS (A,N,A)
	1315.27
	0.73
	1496.79
	0.05

	4
	Prophet
	2290.01
	2.06
	2495.06
	0.01
	RF-Prophet
	1279.29
	0.71
	1441.30
	0.03

	5
	Linear regression
	2304.57
	2.07
	2510.46
	0.01
	RF-linear regression
	1285.67
	0.71
	1450.99
	0.04

	6
	MARS
	3086.13
	2.78
	339.73
	0.06
	RF-MARS
	1215.37
	0.67
	1459.92
	0.07

	7
	Naïve Random Walk
	1692.81
	1.52
	1941.07
	0.00
	RF-Naïve Random Walk
	1308.65
	0.73
	1488.40
	0.03

	8	Bayesian-ARIMA	1606.95	1.45	1833.05	0.00	RF-Bayesian-ARIMA	986.89	0.55	1205.45	0.03



MAE, mean absolute error; MASE, mean absolute scaled error; RMSE, root mean squared error





The analysis of the model outputs revealed that the hybrid BARIMA model provided better parameter estimates or predictions than the single BARIMA model. Specifically, the hybrid model was able to capture patterns or features in the TB incidence data more effectively. As a result, the values estimated by the hybrid model were more accurate, outperforming those generated by the single model. In comparison to the single model, the hybrid model showed enhanced parameter values: μ = 0.4122 ± 0.0497, σ = 1284.3384 ± 1.4460, ma = −0.7836 ± 0.0009, and sma = −0.0509 ± 0.0012, as outlined in Supplementary tables 1 and 2. This substantiates the potency of the hybrid approach in refining parameter estimations and ultimately bolstering forecasting precision.

We assessed model performance by analysing the accuracy of the single models and combined models in forecasting TB cases among children under 5 years old from 2020 to 2022, as depicted in Figure 3. Examining the outcomes of the single models, the forecasting plot illustrates a consistent upward trajectory in TB incidence cases from the initial phase of the study’s forecasting period in 2020 to its conclusion in 2022. Remarkably, Model 7 emerged as the best performing model, boasting the most tightly bounded 80% confidence interval, which attests to the model’s exceptional forecasting precision. Model 2 also demonstrated commendable performance, largely attributed to the judiciously specified parameters of its XGBoost components, but the model’s accuracy is suboptimal.
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Figure 3: (a) The model performance accuracy of single test data for all models in forecasting TB cases for the years 2020, 2021 and 2022. (b) The model performance accuracy of full test data of all models in forecasting TB cases for the years 2020, 2021 and 2022.



Model 3’s performance closely rivalled the efficacy of Model 2, albeit with a marginally broader test error confidence interval. In contrast, Models 4, 5 and 9 exhibited a tendency to overshoot the local trend due to the inherent linear trend components that failed to account for change points. Similarly, Models 1, 6 and 8 overfitted the local trend, primarily due to the underexplored adjustment of the number of change points. These observations, succinctly depicted in Figure 3a, underscore the nuanced interplay of model components and parameters in shaping the accuracy and precision of TB incidence forecasts among children under 5 years old.

The accuracy of the full models (i.e. all predictors and components) in forecasting TB cases among children under 5 years old from 2020 to 2022 is illustrated in Figure 3b. The figure depicts a subtle upward trend in TB incidence cases at the onset of the forecasting period in 2020, followed by slight declines in TB cases during 2021 and 2022. Notably, minimal differences were observed when comparing the performance of the models in predicting the trajectory of TB incidence among children under 5.

The posterior predictive performance of the RF-BARIMA model was better than that of the Bayesian-ARIMA model, which was employed to fit the data and validate the compatibility of the fitted model with actual observations (as illustrated in Figure 4). The visual representation of the model plot distinctly demonstrates the consistency and adequacy of the model’s compatibility in describing the observed data across multiple years. Within this depiction, the black dot signifies the distribution of observed outcomes, denoted as “y”, while the array of blue lines represents the residual estimates derived from the posterior predictive distribution, labelled as “y^”. Notably, the encompassing grey area delineates the expected 95% credible interval of the observations falling within the predicted 95% credible intervals, provided that the model is aptly suited to depict the data set’s characteristics.
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Figure 4: A posterior predictive check for the comparison between the fitted model predictions and the actual observed data for the (a) Bayesian-ARIMA model and (b) random forest-Bayesian-ARIMA model.



The RF-BARIMA and Bayesian-ARIMA models were compared in TB cases forecasting among children under 5 years from 2020 to 2022 (as illustrated in Figure 5). Notably, the RF-BARIMA model exhibited the highest accuracy in forecasting performance with an MAE of 986.89, MASE of 0.55 and RMSE of 1205.45, compared with the Bayesian-ARIMA model with an MAE of 1606.95, MASE of 1.45 and RMSE of 1833.05. These results show the improved forecasting performance of the hybrid RF-BARIMA model. The plot shows a decreasing temporal pattern in TB incidence cases at the outset of the 2020 forecast period, followed by an increase around mid-2021, and another decline towards the end of the forecasting year.
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Figure 5: (a) Bayesian-ARIMA model forecast of TB cases for the years 2020–2022. (b) Random forest-Bayesian-ARIMA model forecast of TB cases for the year 2020.



Discussion

Before the COVID-19 pandemic, TB cases among children under 5 showed alternating patterns of increase and decrease from 2017 to 2019. By analysing this trendline, we observed a series of lower highs (indicating a downtrend) and higher lows (indicating an uptrend), which created a resistance level that could influence future TB case trends. The TB temporal analysis shows high reported rates of TB incidence among under-5-year-old children in this study, which can be explained by the prevalence of infectious TB in adults, social interactions between adults and children, and the ventilation conditions in domestic settings.50-52

This study shows that not all models predicted childhood TB cases with equal accuracy. Each model demonstrated different levels of prediction error, with the RF-Bayesian-ARIMA hybrid model consistently outperforming all others across multiple error metrics. This suggests that, while some models were able to reasonably forecast childhood TB incidence, others showed relatively high prediction errors and were less reliable – a result which aligns with previous studies.9,18,47,48 Other studies have shown the superiority of machine-learning hybrid models in accurately forecasting TB cases.5,9,53 Infectious disease data often exhibit various linear and non-linear features, making single models inadequate for modelling such data. Hybrid models have consistently proven to be the most suitable choice for estimating such complex data.49

The estimated incidence of TB cases in the Eastern Cape was 328 per 100 000 among children under 15 years old in 2020; 7% of cases were among children under 5 years.1 Children are at greater risk of contracting TB.54 Our study’s forecast for 2022 predicts an average of 41.22% TB cases per month, based on a sample size of 4054 TB cases in the Eastern Cape Province. This forecast indicates a future decrease of 1671 TB cases among children under 5 years old. These findings align with a similar study conducted in two Kenyan counties that projected TB cases among children under 15 years old and found that the estimated TB cases were slightly lower than the general population in Kenya.9

The findings of this study show a slight declining trend in TB incidence cases at the start of the forecasting period in 2020, followed by slight increases in TB cases in 2021 and 2022. These trends align with findings from a WHO report which suggested that the number of TB cases could rise in 2021 and 2022, largely due to the impact of the COVID-19 pandemic.1 This prediction encompasses not only the general population but also includes cases among children under 15 years of age.

Our study shows that TB incidence cases among children under the age of 5 follow a seasonal pattern, with peaks occurring in June, July and August, followed by a decrease over the rest of the year till in the year. This observation is consistent with those of previous studies that also found seasonal variations contributing to TB infections55,56, although another study did not find any association between TB infections and seasonal trends.57 Our study’s findings suggesting a connection between TB infections in children and seasons can be explained by the impact of seasonal patterns on TB transmission. Children tend to spend more time indoors during the winter season, which is conducive to TB growth due to factors like overcrowding, increased humidity and reduced air circulation.

Under-5-year-old children, especially during mid-winter, have been reported to have low vitamin D levels.58 This deficiency could make these children more susceptible to TB infections during winter, thus potentially contributing to the observed seasonal pattern of TB infections. While children can contract TB at any age, it is most prevalent among those aged 1–4 years, likely due to their underdeveloped immune systems. The highest TB notification rate in South Africa’s Western Cape Province was reported for children in the 0–2-year age group.59 Hospital studies indicate that extrapulmonary TB is more common in children than is pulmonary TB, and misdiagnosis is a recurring issue.60

Limitations

This study relied on data collected and reported through the Eastern Cape ERT.NET system, and, therefore, we had no control over the data’s quality and accuracy. However, it was assumed that, as the data had been submitted to the system, the health facilities in the Province had followed all relevant protocols to ensure data quality.

We used data from 2010 to 2019, consisting of 120 monthly aggregated TB cases in children under 5 years old. Deep learning and machine-learning algorithms typically require a large volume of data to learn effectively. Consequently, the provided data set may not have been sufficient to allow the algorithm to learn more efficiently.

It is important to note that out-of-bag error estimation can have limitations in small or highly imbalanced data sets, such as the one used in this study, where the number of training samples (108) is relatively small compared to the number of trees in the RF model.

Conclusion

The RF-BARIMA model performed best in predicting TB cases among children under 5 years. Our findings highlight the persistent under-reporting of TB cases in this age group, suggesting that the actual incidence might be higher than previously estimated. To address this issue, there is a need to re-evaluate the TB monitoring framework data to identify existing gaps and urgently allocate resources to the national TB programme.

Additionally, our study shows that TB infections among children under 5 years are influenced by seasonal patterns. This calls for increased investment in TB surveillance, screening and diagnostic efforts during specific months of the year to curb the spread of infection during peak seasons.


Data availability
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There is increased scrutiny on the directionality of innovation systems in advancing critical global sustainability and development objectives. Equally, innovation policy mixes require complimentary measurement agendas to track activity and outcomes and inform public investment decisions. South Africa has a clear innovation policy mix for its arts, culture and heritage (ACH) dispensation. However, innovation indicators are not yet integrated within the monitoring and evaluation framework of the ACH dispensation. In this paper, a directionality-sensitive innovation measurement framework for the cultural and creative industries (CCI) is proposed with indicator categories addressing a fuller variety of system actors than are typically assessed in innovation surveys. The framework was piloted in South Africa’s Western Cape Province and yielded several methodological insights and data. Key among these is the value of survey interviews for data enumeration that bridges respondent understanding of the concept of innovation, as well as combining object- and subject-based approaches to mitigate against measurement error. By adopting this framework, data comprising a richer cross-sectional view of innovation in the CCI can be compared and analysed, in-country and across countries, enabling several potential research and policy monitoring use cases.

Significance:

This article makes a methodological and an empirical contribution to the innovation measurement literature, reporting results from survey piloting of a framework based on Gault’s theoretical concept measuring innovation everywhere. It also makes a policy-oriented contribution, specifically at the nexus of ACH and innovation policy in South Africa, by proposing a directionality-sensitive innovation indicator framework for the CCI that has been tested in one province, and that can be used and adapted for future policy monitoring efforts.






Introduction

Cultural and creative industry in South Africa, whether for-profit or not-for-profit, occurs within and across various organisational, social, physical and digital locations. It also occurs within and across discrete industrial domains, value chains and types of occupation. The agglomerative term, the ‘cultural and creative industries’ (CCI), has been adopted in South African arts, culture and heritage (ACH) policy, planning and monitoring documents to capture this productive cross-sectoral environment.1-3 It is widely acknowledged that the CCI yield an assortment of commercial, social and other benefits and, as such, should be enabled through public policy investment decisions. In turn, creation of evidence in contextually relevant ways to inform decision-making is critical.4 This paper reports on the methodological design and results of a policy-oriented study to develop and pilot an innovation measurement framework for the South African CCI.

Framework policy and empirical rationales

The concept of an innovation policy mix reflects a confluence of policy intent toward a desired future, and a confluence in which any innovation measurement framework must locate itself.5,6 Critical, too, is the concept of directionality: to the extent innovation systems have contributed to generating and reproducing key societal and environmental problems, directionality is explicitly about governance of innovation to reverse these problems systemically.7 The innovation policy mix for the South African CCI as well as the specific directionality statements that informed the framework’s design is this section’s focus.

Beyond the economic value of arts, culture and heritage

The National Development Plan provides policy direction for South Africa until 2030, aiming to overcome high levels of unemployment, poverty and inequality.8 These problems have a particular trajectory in relation to the country’s colonial and apartheid histories, resulting in a persistent vicious cycle. The National Development Plan is explicit about the overlapping intellectual-psychosocial and economic-industrial values of arts and culture, as well as their broad innovation potential, to contribute to the desired economic and societal futures (Table 1).



Table 1:Values covered in South Africa’s National Development Plan (NDP) policy statements on arts, culture and cultural and creative industries



	Value
	NDP policy statement7

	Intellectual
	“Arts and culture open powerful spaces for debate about where a society finds itself and where it is going.”8(p.36)

	Psychosocial
	“Artistic endeavour and expression can foster values, facilitate healing and restore national pride.”8(p.36)

	Industrial/Economic
	“The country’s rich cultural legacy and the creativity of its people mean that South Africa can offer unique stories, voices and products to the world.”8(p.36)
“Promoted effectively, the creative and cultural industries can contribute substantially to small business development, job creation, and urban development and renewal.”8(p.36)‡






‡A similar statement from the NDP is applied to a discussion of the country’s “rural economies”8(p.124).









Equally, South African ACH policy and planning, as expressed in a White Paper1 and accompanying plan for the CCI2, contain clear innovation and directionality statements: the White Paper positions “sustainable development and cultural inclusion” as key outcomes of a “creative and innovative society in which the full range of artistic forms, diverse cultural practices, and heritage and knowledge traditions and technologies are harnessed” (p.8; emphasis added); the plan’s vision statement foresees a qualitative relationship between “prosperity for creatives, entrepreneurs and broader society” and a CCI that is “globally competitive, innovative, sustainable, vibrant and transformed” (p.42; emphasis added)1,2. These innovation and directionality postures in ACH policy and planning reinforce, and are reinforced by, the main policy intent of the 2019 White Paper on Science, Technology and Innovation, encapsulated in its tagline: “science, technology and innovation enabling inclusive and sustainable South African development in a changing world” (emphasis added).9(p.1) Regionally, a revision to the African Union’s 2008 CCI action plan, “envisions an innovative, integrated, peaceful and prosperous Africa, where cultural and creative industries are the cornerstone of inclusive and sustainable development driven by its people and rich heritage”10(p.5). Internationally, the UN’s Sustainable Development Goals provide broad impetus for the creative economy’s role in global development. This paper is primarily concerned with the creation of innovation data that can contribute toward monitoring progress against South African, regional and global goals.

Measuring innovation everywhere

Innovation measurement thinking has advanced since the first edition of the Organisation for Economic Co-operation and Development’s (OECD) Oslo Manual (1992), which codified methodological principles and practices. Whereas early measurement efforts focused on developed economy manufacturing firms, recent work across the world has emphasised measuring innovation at household level11, in the public sector12, and within informal businesses13. Gault has aptly termed this shift measuring innovation everywhere.14

The introduction of a general definition of innovation in the 2018 Oslo Manual15 makes it methodologically possible to measure innovation everywhere. In innovation surveys addressing the formal business sector, the definition is:


A business innovation is a new or improved product or business process (or combination thereof) that differs significantly from the firm’s previous products or business processes and that has been introduced on the market or brought into use by the firm.15(p.20)



Whereas, the general definition of innovation that applies to all institutional sectors is:


An innovation is a new or improved product [good/service] or process (or combination thereof) that differs significantly from the unit’s previous products or processes and that has been made available to potential users (product) or brought into use by the unit (process).15(p.20)



Following Gault, in a systems approach to innovation measurement, data are collected from statistical units in multiple institutional sectors from within one or more economic sectors.16 This could be more accurately termed measuring innovation everywhere, at once. A precedent for this refinement of Gault’s proposition is R&D measurement adhering to the OECD’s Frascati Manual.

Scholars have identified, researched and debated several shortcomings of innovation measurement.17,18 These include the potential for structural bias, measurement error and an undue focus toward R&D-led or tech-nological forms of innovation, eliding, for example, services-sector innovation, incremental innovation, or innovation in informal sectors. From the perspective of the Global South, scholars have also highlighted the gap between what is measured and what should be measured, calling for more contextualised approaches suited to the realities of developing countries, as well as the need for stronger policy uptake of innovation indicators.19-21 In turn, OECD guidance has been updated regularly, and in the South African context measurement gaps have been addressed through, for example, recent surveys on commercial agriculture22 and informal businesses23.

Directionality and CCI innovation measurement

In South African state-sanctioned innovation measurement through the 2000s24,25, sampling choices foregrounded the larger economic sectors in value-added terms, bypassing the CCI. In 2015, Manzini argued for studying innovation in “arts and other creative industries”26(p.4). Around this time, small-scale CCI-specific innovation studies were pioneered by Booyens and several collaborators, including a study with Molotja on innovation in new media businesses in Cape Town that found innovation to be localised and incremental.27 In their study of innovation within creative tourism in the Western Cape28, Booyens and Rogerson found economic competitiveness and urban development to be key rationales. However, they also found innovation to be critical in deepening creative tourism’s engagement with local arts and culture spaces, practices and dynamics. This finding echoes cultural policy scholarship that has questioned heritage, design, tourism and urban development discourse practices that, out of narrow commercial or governance instrumentalism, have elided, appropriated or distorted local histories, memory and knowledge.29-34 Most recently, research by Snowball et al.35, drawing on the UK’s Brighton Fuse study36, was a first larger-scale attempt to deploy OECD-defined measures in the Cape Town creative cluster, with a strong directionality lens on workforce diversity specifically. Examining the fuse in production of digital technology and creative design capabilities in a realised sample of 72 formal businesses, the authors found that fused businesses were more likely to be process innovators, as well as to employ a more diverse workforce, than non-fused firms.35

Accounting for the above policy context and empirical studies, missing from the CCI-specific innovation studies to date has been a focus on a broader set of actors comprising the CCI – from government programmes, non-profit organisations and informal businesses – as well as a finer-grained emphasis on the social and environmental benefits of CCI innovation. Thus, the research question addressed in this study is: given the innovation policy mix for South African arts, culture and heritage, to include the CCI, to what extent is innovation measurement suitable as a tool for monitoring the innovation performance across the CCI?

Framework development

The study reported on here was exploratory by design, following a consultative-collegiate approach emphasising knowledge co-production.37,38 Its focus lay in a discrete segment of the survey research cycle, notably sampling and instrument development, and testing. This is conceptualised in Figure 1 as two consecutive phases, with iterative learning feedback loops and a scaffolding of research results. These are reported and discussed below.
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Figure 1: Conceptual representation of the study process.



Activating the study’s co-creative design, a public research seminar was hosted by the Human Sciences Research Council (HSRC) in June 2020 to discuss the framework’s initial conceptualisation as elaborated by the author.39 Present were public officials from the National Advisory Council on Innovation and line departments for innovation and arts and culture, as well as sector policy and innovation measurement experts. Further appraisal from four innovation measurement experts, two of whom attended the seminar, was solicited during instrument development and after piloting. These interactions were reinforced post-data collection, through a workshop and study presentation with survey respondents and sector experts in February 2024.

Sampling

As a pilot study, non-probability purposive stratified sampling based on convenience was employed (detailed in the Supplementary material and Supplementary tables 1–4).40 Stratification was based on three key criteria: economic sector classification as given by the 2009 UNESCO Framework for Cultural Statistics combined with Statistics South Africa’s 2012 standard industrial classifications to the five-digit level; institutional sector classification as given by the System of National Accounts 2008; and geographic location within the six main municipalities of the Western Cape Province of South Africa. The application of these criteria was consistent with the Oslo Manual’s (Chapter 2) requirements for an innovation measure-ment framework. Snowballing was used to ensure that potential respondent individuals or organisations fell within the correct strata.

Instrument adaptation

Harmonisation at the construct level was critical to give effect to the measurement framework’s intent and sampling strategy. This required uniformity and differentiation across survey instruments administered within different institutional sectors, to account for the distinct nature of goals and activity (public, private, third sector). To this end, several key decisions were taken with expert input, described below.

The first key decision, discussed with Expert A, was to create three questionnaires (1=Formal Business, 2=Informal Business & Household, 3=Government & NPO) drawing on established questionnaire models and question banks to minimise the need for validity testing (Table 2).



Table 2:List of sources (‘question banks’) collated to develop and adapt questionnaires to institutional sector and country specificities



	Question bank
	Formal Business
	Government & NPO
	Informal Business & Household

	Harmonised data collection for the CIS 202041
	X
	X
	 
	South African Agricultural Business Innovation Survey, 2016–201842
	X
	 	 
	South African Business Innovation Survey, 2014–201643
	X
	 	 
	A pilot survey for measuring innovation across the public sector44
	 	X
	 
	Measuring public innovation in Nordic countries45
	 	X
	 
	The importance of measuring household innovation46
	 	 	X

	Free Innovation (Appendix 1)47
	 	 	X

	The informal ICT sector and innovation processes in Senegal48
	 	 	X

	Innovation in the South African Informal Sector Survey49
	 	 	X

	Measuring innovation in the informal economy (Annexes 1–3)50
	 	 	X





The second decision taken was to orient all instruments to sector-specific conditions, including mandates, funding sources and technologies, as workshopped extensively with Expert B. The third key decision was to explicitly address directionality by adding a new question on innovation with social benefits. This question mirrored the Eurostat Community Innovation Survey (CIS) 2020 question on innovation with environmental benefits, which was also included. The new question, developed by the author, similarly tests the idea that innovation may result in social benefits inside and beyond the business/organisation. A draft of this question was workshopped and modified with Expert C, while Expert D separately cautioned that answers to this question may be subject to social desirability bias. Expert A suggested it was a useful question to add but that it should be tested.

The fourth key decision concerned customisation for general South African geographical and governance specificities such as the District Development Model’s district municipalities, as well as appropriate professional and colloquial language for the South African context (e.g. use of “business” rather than “firm”). The fifth key decision was to include a focal innovation question using the Oslo Manual’s object-based approach to surface innovation examples and, following Cirera and Muzi, to mitigate measurement error.17,51

After initial instrument development, the study was reviewed by the University of Johannesburg College of Business and Economics’ Research Ethics Committee, receiving clearance on 21 December 2021 valid until 26 February 2024 (code: 21SECO040). Research permits from the one municipal government and one national entity were also granted. All data reported were anonymised unless otherwise agreed.
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Figure 2: Geo-spatial map representing pilot survey realised sample by institutional sector and district/metropolitan municipality.

Image: Created by Enathi Motolwana, Human Sciences Research Council



Instrument testing and piloting

Testing and piloting of questionnaires early on is vital to detect problems, whether structural or non-structural.52 Informal testing was initiated as a pre-cursor to a more formal cognitive testing step. During the latter, a combination of comprehension, paraphrasing, confidence judgement, recall, and specific and general probes was developed and administered. Further development of the survey instruments was undertaken after informal testing and cognitive testing, in preparation for the piloting step. In sum, a total of 26 completions were realised: informal testing (n = 2), cognitive testing (n = 3) and piloting (n = 21) (detailed in Supplementary tables 5–7).

Discussion of testing feedback data: Structural and non-structural problems

Several problems of a structural and non-structural nature emerged: with the concept of innovation, the relatability of the questionnaires to organisation and sector circumstances or conditions, and respondent burden (structural problems); and stylistic and technical inconsistencies (non-structural problem). These are discussed briefly in turn with reference to research-potential respondent correspondence metadata.

In the case of one Overberg-based non-profit organisation (NPO), for example, after review of the questionnaire, the potential respondent was unable to conclude that there was a link between their organisation’s activities and innovation. They wrote:


I shared it with the members of [anon] and I must say we are not sure how we could be of help to you. Ours is mainly a group of older people interested in SA history. We try to be inclusive and look at the broader picture and record, publish and archive our talks and interviews. I don’t know how this could be considered innovative and help towards policy change. (Potential Respondent: Heritage Society)



A follow-up email, with the intention of further explaining and persuading the respondent on this point, yielded no result. Similarly, the owner of a Cape Town manufacturing-based export and tourism business, which has a public viewing point onto its plant and machinery (suggesting at least the potential for the presence of innovation activity), declined to participate. They wrote:


Having read through part of your questionnaire I realise that there is not much I can contribute to your research. (Potential Respondent: Polished Gemstones Manufacturer)



For a Cape Town based informal business, the potential respondent indicated that they “did browse through some of the questions” but “felt most of them did not relate to my type of business” which was “still in start-up phase, and pretty informal at the moment” (LP Retailer). By contrast, two in-situ testing interviews with informal business owners were highly data generative, pointing to a potential problem with the email and form mode of survey administration. From this evidence, it appears likely that non-response bias arose out of a lack of conceptual understanding and relatability to innovation.

Apart from conceptual and relatability challenges, various practical circumstances also prevented responses. The owner of a home-based pottery studio on the Garden Route, for instance, could not participate due to a recent injury. “We don’t have the resources to respond to academic research questions”, was one auto-response from a well-established Cape Town based local newspaper. To the extent that respondent burden of any type prohibited completion, it is identified here as a structural problem.

Cognitive testing feedback (i.e. feedback given after enumerating the test questionnaire) echoed that received from informal testing interactions. For a Cape Town based craft NPO:


Creativity, design & innovation as terms are interchangeable. Our overall thought is that [anon] was not a fit with the questionnaire and the answers you are seeking. We provide an enabling environment for others to create, innovate and design. We do not do this ourselves. You will see that there are mostly ‘No’ answers! (Craft Business Park, NPO_CT001)



A bestselling Cape Town based non-fiction author with various writing projects at any given time – from books and journalism to bespoke newsletters – participated in cognitive testing, providing rigorous feedback. They expressed some confusion about which aspects of their writing work could be considered innovation, as defined:


I’m not entirely sure I understood the concept of innovation as you intended me to. In my line of work I feel that writing a book or a creative article comprises innovation. But creating a newsletter is not innovation. But perhaps I have totally missed the point. (Bestselling Non-fiction Author, H_CT001)



Constructively, the author suggested conducting an interview to collect data, rather than doing so via self-completion. They also recommended provisioning substantially more time for self-completion than what was indicated on the test questionnaire (Bestselling Non-fiction Author, H_CT001).

Non-structural problems included stylistic and technical issues that were identified in cognitive testing; these included language error and questionnaire length (Bestselling Non-fiction Author, H_CT001). Form code bugs were also reported (Commercial Wildlife Visitors Centre, BUS_CT001).

Questionnaire improvement and piloting

Addressing the structural and non-structural problems, key decisions were taken to re-shape the instruments for the piloting step. These included removing a cumbersome question requiring disaggregated expenditure data, shortening the documents, refining wording, correcting stylistic errors, and improving signposting of skip patterns. Even with the amended instruments, analysis of reasons given by a selected number of piloting respondents surfaced some of the same challenges, as well as new ones. These were coded as three higher-level categories of structural problem: respondent burden, respondent misinterpretation and respondent paralysis. Put differently, in addition to finding a survey request burdensome, other reasons for non-response included a lack of capacity or mandate to participate on the spot (paralysis) or poorly scaffolded conceptual understanding of the survey content (misinterpretation).

In all, during piloting, 10 questionnaires were completed via semi-structured interview and 11 were self-completed. While self-completion elicited useful and accurate data, a key insight from piloting was that generating understanding of innovation with respondents through semi-structured interview dialogue was highly effective in eliciting potential focal innovation examples (Table 3), as well as validating these in terms of the definition of innovation. Such discussions also aided respondents in answering dependent survey questions with reference to the focal innovation examples, in surfacing insights on organisational and sectoral conditions, as well as in mitigating the potential for response and non-response bias, and measurement error.



Table 3:Focal innovation examples



	Institutional sector
	Participant
	Example

	Product innovations

	Informal Business
	Wire Art and Craft Trader (IB_P2)
	New wire and bead animal craft product line (good) marketed at a busy Cape Town intersection.

	Household
	Musician/Preacher (H_P1)
	New YouTube music video (zero-priced good) based on a public performance that was filmed on a mobile device by a member of the audience.

	Formal Business
	Film Production Company (BUS_P3)
	New YouTube broadcast-only documentary series on entrepreneurship (zero-priced good).

	NPO
	Cultural Heritage Venue and Tour Operator (NPO_P3)
	Five new walking tours (service) led by guides featuring storytelling and interactive indoor and outdoor experiences to ensure an immersive heritage experience.

	Government
	Government Culture and Arts Unit (GOV_P3)
	New service to Cape Town youth: after-school art classes taught by 40 local artists using 10 under-utilised facilities, totalling 20 000 engagements over a 9-week period.

	Process innovations

	NPO
	Open Data Software Publisher (NPO_P6)
	Implementation of a case management tool.

	NPO
	Community Radio Station (NPO_P8)
	Radio studio building and technology upgrades.

	Combined (product and process) innovations

	Formal Business
	Book Shop (BUS_P1)
	Website capability improvements (process) to enable online transactions and a delivery system for remote sales (product-service).

	Formal Business
	Musical Theatre (BUS_P5)
	Stage performance backdrop and accompanying AV rig (improved product-service).

	NPO
	Music Sector Promotion Organisation (NPO_P4)
	The implementation of online ticketing and streamed content (process) as part of fully staging an industry promotional event comprising talks and interviews online (product-service).

	NPO
	Second-hand Goods Charity Shop (NPO_P7)
	Implementation of a second-hand goods market online (product-service).

	Government
	Natural Heritage Conservation Research Unit (GOV_P2)
	Implementation of an online portal (process) for research applications to be lodged and permits to be issued (product-service)

	Government
	National Park (GOV_P4)
	Implementation of 88 camera traps and GPS collars (process) for animal monitoring (product-service).

	Government
	Public Theatre Company (GOV_P1)
	Introduction of a new experimental theatre (service) with audience capacity of up to 100 for commercial feasibility testing of new performances.





Framework indicator proposition

In Figure 3, the framework is conceptualised as systemic with its focus on multiple transactors within the same economic sector. The proposed framework is also multidimensional: the three dimensions are actor and sector indicator variables; innovation and sectoral system indicator variables; and directionality indicator variables (Table 4). Although not statistically representative, piloting nevertheless yielded meaningful survey data and metadata that could be analysed to explore and substantiate an argument for a systems approach to measurement, and point to possible utilities of variables for research and policy purposes.
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Figure 3: Framework dimensions and categories.





Table 4:Framework dimension and indicator categories



	Actor and sector indicator category
	Innovation and system indicator categories
	Directionality indicator category

	Unit of observation
	Innovation and innovation activities
	Sector conditions and innovation strategies
	Innovations with social and environmental benefits

	
	•
Identity and location


	•
Industrial category


	•
Industrial sub-category (SIC7)


	•
Industrial sub-category (own)


	•
Employment


	•
Turnover


	•
Distribution of turnover by location of clientele/constituency


	•
Age


	•
Structure


	•
Gender


	•
Formal educational level


	•
Income (2022)



	
	•
Product innovation


	•
Zero-priced products


	•
Novelty of product innovation


	•
Distribution of turnover by product novelty


	•
Who developed the product innovation?


	•
Why develop the product innovation?


	•
Process innovation


	•
Who developed the process innovation?


	•
Why develop the process innovation?


	•
Performed R&D


	•
Types of non-R&D innovation activities



	
	•
Degree of importance of sector-specific factors


	•
Factors in decisions to introduce innovations with social and environmental benefits


	•
Factors in decisions to start or execute innovation activities


	•
Impacts of legislation on innovation activities


	•
Technology use (2020–2022) and planned use (2023–2025)


	•
Cooperation on innovation activities


	•
Cooperation partner by location


	•
Applied for and obtained, applied for and not obtained, or not applied for funding


	•
Use of existing tax incentives


	•
Types of intellectual property (IP) protection


	•
IP-out transactions


	•
IP-in transactions


	•
Willingness to sell IP rights



	
	•
Social benefits of innovation and contribution to society


	•
Environmental benefits of innovation and contribution to environmental protection








Data use cases for ‘traditional’ innovation indicators

South African innovation data have given rise to varied empirical analyses covering employment, productivity and technological effects.53-56 These analyses complement a broader empirical and theoretical research agenda focused on innovation in Africa and globally, exemplified in research and training networks such as the Open African Innovation Research Partnership (Open AIR) and Global Network for Economics of Learning, Innovation, and Competence Building Systems (Globelics), which increasingly include the informal sector.23 Such studies principally rely on nominal turnover and employment data, as well as measures of product and/or process innovation (Supplementary tables 8–11). These data provide a valuable potential use case for empirical analysis at the sectoral level, as well as for distinguishing services-sector innovation patterns in the CCI from those found, for example, in manufacturing or agriculture. From a policy use case perspective, data on the introduction of zero-priced products, as well as the relative importance of a local funder/customer base, provide important clues about innovation diffusion and resource mobilisation strategies, which in turn can be used to inform design of policy support or investment programmes. Piloting also yielded rich data on, inter alia, innovation and innovation activities (Supplementary tables 12 and 13).

Focal innovation questions yielded rich descriptive data that can be analysed for insight into actual innovation projects. Given that the survey reference period of 2020–2022 coincided with COVID-19 lockdowns, it is unsurprising that some of the innovations reported are characterised by digital transitions – to online sales, delivery models and content provisioning – pointing to a reinvigoration of organisational value propositions during the pandemic’s challenging public health, regulatory and socio-economic environment.57 Equally, data on technology use and planned use (Supplementary tables 14 and 15) provide an important potential evidence base for policy actors promoting technological adoption, as well as for technology adoption studies. Identifying a distinct benefit of adoption to their business, one informal business owner said:


When you have a Yoco machine you earn more. (Traditional Head Dress and Jewellery Trader, IB_P1)



Survey data also yielded important information on the types of linkages there are between actors within a sector, and their geographic proximity, providing valuable potential opportunities for spatial analysis at different scales, including on the relative frequency of territorial collaboration.

New directionality indicators

Given South Africa’s historical context and policy priorities for ACH outlined earlier, social benefits of innovation are especially important indicators to construct in a survey of CCI. For instance, in the case of one provincial government department, their arts programmatic innovation using available public space and local expertise enabled multiple social challenges to be addressed. “We solved three problems with one idea”, the respondent said (Government Culture and Arts Unit, Gov_P3). For another, innovating with digital meeting tools brought about cost savings, but also a fall in stress levels as a function of reduced travelling time (Government Archive Unit, GOV_P5; emphasis added). In piloting a shortened version of the question with informal business owners, two social benefits included teaching others and the acquisition of knowledge of design (Traditional Head Dress and Jewellery Trader, IB_P1). Employment creation on an ad hoc basis was another social benefit, according to one informal business owner. “When I am not here, they [friends] sell for me and I give a per cent”, the Wire Art and Craft Trader (IB_P2) stated.

Figure 4 visualises a combined process and product innovation introduced on YouTube during the COVID-19 lockdown by the Cape Town Philharmonic Orchestra in collaboration with the Cape Town City Ballet. Potential social benefits of this innovation, made available to the public at zero price, included both performer and user (audience) well-being. An example of the environmental benefits of innovation is evidenced for instance in the re-purposing of aluminium tin can waste or Nespresso pods in craft product design (Figure 5).

[image: 113673_Ralphs_19260_fig4]

Figure 4: Collage from photographs taken at Franschhoek market (left) and Hout Bay market (right). Environmental benefits of innovation – circularity principles in informal business product design and development.



[image: 113673_Ralphs_19260_fig5]

Figure 5: Social benefits of innovation – free COVID-19 lockdown performance by Cape Town Philharmonic Orchestra with Cape Town City Ballet.

Source: Screenshot from the Cape Town Philharmonic Orchestra YouTube channel (reproduced with permission).



Next to the environmental benefits of innovation, this study presents a new potential set of measures of social benefits of innovation as a basis for critical discussion and improvement (Supplementary table 16). Reinforcing policy, these data provide a critical directionality lens, and potential data use cases that include both policy monitoring and evaluation, as well as a governance of innovation research agenda in the context of uneven global development trajectories58 in which persistent, intractable or wicked societal and environmental challenges are reproduced.

Critical reflections on the framework

A key limitation of the framework concerns what it does not or cannot purport to measure rather than what it does. While the framework is multidimensional (Figure 3), it does not reflect the depth or breadth of CCI value chains, which span creativity, production and dissemination, and may extend beyond the FCS domains and concomitant SIC7 criteria. Additionally, 2012 standardised industrial classifications, while still useful in large part, are also somewhat outdated, given the rapid pace of digital technological development and, consequently, industrial change. Updates to standardised classifications, coupled with the use of alternative data sources, may contribute to fill these gaps, which will warrant further adaptations to this framework. Additionally, deliberate inclusion of the household, informal business, government and NPO sectors within the framework can directly contribute to shining a spotlight on innovation barriers and outcomes, which can inform public policy investment decisions toward addressing critical goals.

Methodologically, this article also demonstrates the complexities of operationalising the systems approach to measurement in terms of construct validity, encapsulated in the question “are we measuring what we say we are measuring?”. The concept of innovation was not self-evident to several respondents and potential respondents. Next to other factors, this resulted in non-completion. By contrast, where author and respondents were able to establish dialogue on a focal innovation through a semi-structured interview, an interpretive frame for answering questions that relied on the concept of innovation as a scaffold was created. Using interviews contributed to clearer respondent understanding of innovation and, as such, enabled accurate data collection. This is not a challenge unique to innovation surveys, but is one faced by survey practitioners across the sciences who employ standardised constructs.

Practically, a census of innovation in CCI government entities and non-profit organisations is possible, as is representative surveying of formal businesses within the CCI. However, it is more onerous to collect such representative data at the level of informal businesses and households, although this was recently attempted at a national level in South Africa59 and has been achieved in China60.

Conclusion

Innovation surveys traditionally target one institutional sector at a time, whether formal or informal businesses, public sector entities, not-for-profit institutions serving households, or households. Despite several stumbling blocks, this paper demonstrates that measurement of innovation in multiple institutional sectors within the same economic sector can provide a richer picture of the nature of innovation at a systemic level. This systems approach to measurement is called measuring innovation everywhere, at once. National innovation indicators aim to provide a basis in evidence for monitoring and evaluation of South Africa’s national system of innovation. Sectoral innovation measurement in the South African CCI, following the systems approach, can contribute similarly to this agenda. Setting out an innovation measurement agenda within a sector in which measurement has only occurred on a limited basis requires experimentation to ensure what is measured should be measured. Using standardised measures also means that the framework can be adapted in contextually relevant ways across national contexts. The challenge ahead is to articulate meaningful pathways toward the creation of these data to contribute to effect the desired policy visions.
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South Africa has one of the highest levels of inequality globally. This paper shows that such inequality is not a recent development. Using several newly transcribed data sets from the seventeenth-, eighteenth-, and nineteenth-century Cape Colony, I calculate historical wealth inequality across different groups and regions. The sources – including tax censuses, probate inventories and slave valuation rolls – offer rare insight into the structure of pre-industrial society, allowing for comparisons over time and across settler, enslaved and Khoe households. The results reveal persistently high levels of within-group inequality and highlight the concentration of productive resources across all groups with available data. While direct comparisons with modern income or wealth measures are not possible, the evidence suggests that severe economic inequality has long been a defining feature of South African society.

Significance:


	•
I show that the Cape Colony in the late seventeenth, eighteenth and early nineteenth centuries experienced severe income and wealth concentration.


	•
By using newly transcribed tax censuses, probate inventories and slave valuation records, I found severe levels of inequality within settler, enslaved and Khoe groups.


	•
These findings engage with global inequality debates, demonstrating that severe inequality is not a modern phenomenon but has historical foundations.









Introduction

The World Bank’s Gini index, a measure of inequality between 0 and 1, ranks South Africa as the most unequal country in the world. Although its most recent observation for South Africa is now a decade old, it calculates a Gini index for income of 0.63, four points above second-placed Namibia.1 South Africa is even more unequal when considering the distribution of wealth. Chatterjee et al. calculated that the top 10% of South African wealth holders own more than 85% of household wealth, while the top 1% wealth share reaches 55%.2 Von Fintel and Orthofer calculated a wealth Gini between 0.93 and 0.95, noting “wealth is as unequally distributed within South Africa as it is in the world at large”3.

While much of the research attention, for obvious reasons, focuses on post-apartheid trends in inequalities and understanding their determinants, there is little doubt that South Africa’s history of racial discrimination and repression helps to explain these persistently high levels of inequality. What is less clear, however, is when this high level of inequality emerged.

To answer this question, I investigated inequality at the beginning of South Africa’s colonial history: the Dutch Cape Colony of the seventeenth and eighteenth centuries and the British Cape Colony of the early nineteenth century. I use several newly transcribed data sets that include information about wealth and income for three population groups: the settler population, mostly although not exclusively of European origin; the enslaved population, mostly although not exclusively from territories around the Indian Ocean; and the population of Indigenous pastoral and hunter-gatherer peoples, the Khoesan.

The Cape Colony, I document, was a severely unequal place. As can be expected, inequality between the three population groups was high; settlers were wealthier than the enslaved and Khoesan. What is surprising, though, is the large inequalities within each of these groups. The within-group Gini for settlers is as large as the overall Gini; in other words, were the enslaved and Khoesan removed from the population, the Gini coefficient for the Cape would remain extremely high. Importantly, I find that Khoesan villages and mission stations exhibited equally high levels of wealth inequality.

Measuring inequality

The study of inequality over the long run has attracted attention for at least 70 years. In his seminal 1955 contribution, Kuznets famously argued in favour of a ‘long swing’ in the relationship between economic growth and inequality, what we today would call an inverted-U line:


widening in the early phases of economic growth when the transition from the pre-industrial to the industrial civilization was most rapid; becoming stabilized for a while; and then narrowing in the later phases.4



More recent work suggests the opposite: of increasing inequality in the rich world, at least since the Second World War.5 Studying top income shares, Atkinson finds a ‘U-shaped pattern’ for the UK and the USA during the final third of the twentieth century.6 Atkinson et al. report similar results for English-speaking countries and India and China, but not for continental Europe or Japan.7 Whether inequality has risen, fallen or remained stable over the past century – in the USA and elsewhere – remains contested, with important implications for contemporary economic policy debates.8-11

Frustratingly, we know far less about inequality before the twentieth century. Engerman and Sokoloff famously argued that factor endowments shaped institutions in ways that entrenched inequality and slowed long-run development in the Americas, but provided little empirical evidence to support this claim. Instead, much of the more recent work on pre-industrial inequality, in Europe, the USA and elsewhere, has been built on that of Milanovic12. The results suggest that most pre-industrial Western societies were indeed more unequal than those societies today, with mid-nineteenth century Gini coefficients ranging between 0.44 and 0.49 in the USA and rural Palencia in Spain, to 0.52–0.53 in England and Wales, and reaching as high as 0.63 in Holland, for instance.

And what about inequality before the nineteenth century? Waldenström cautions that estimates for the mid-nineteenth century may reflect a historical peak, rather than a long-standing norm, noting that “on account of the lack of reliable sources, consensus is not reached regarding pre-industrial wealth inequality”13. Yet new work by Alfani, in a comprehensive review of pre-industrial Europe, finds that ”[f]rom circa 1450 or 1500 until 1800, economic inequality (of both wealth and income) has tended to increase almost monotonically across almost all of Europe”14. This echoes the intuition of Van Zanden who, in a seminal paper, points to rising capital incomes in premodern Europe to explain increasing inequality, making the case for a “super-Kuznets curve”.15 Others, notably Piketty et al., have documented a similar increase in French inequality from 1807 to 1914, but ascribe the decline thereafter to adverse shocks, notably war, rather than a Kuznets-type process.16

Yet, as Waldenström concedes, much of our knowledge about long-run inequality before the nineteenth century remains tentative.13 This is because the sources economists typically use to study such phenomena – national censuses – are mostly a creation of the nineteenth century; the first US census, for example, was administered in 1790 (with income included only in 1940) and the first census of England and Wales in 1801.

Economic historians have, however, found ways around these data limitations. Van Zanden, for example, used a variety of ad hoc tax records, house rental values and personnel rolls to make the case for an inverted-U inequality trend.15 Piketty et al. analysed a large sample of Parisian estate tax returns.16 But the most popular method to examine long-run inequality in data-poor settings before the nineteenth century has been social tables. These tables assign aggregate income or wealth values to broadly representative socio-economic groups. In this way, between-group differences are assumed to be a reliable indicator of overall inequality. For the seventeenth and eighteenth centuries, for example, Lindert reports Gini estimates based on social tables for England ranging from 0.56 in 1688, to 0.52 in 1759, to 0.59 in 1801.17 In Africa, where reliable household-level statistics are often absent for much of the twentieth century, social tables have become an important tool for measuring inequality.18-21 As Links et al. note, the use of social tables has provided “new insights on the connections between long-term economic development, institutions, globalisation, and inequality”22.

Because of the method’s reliance on data grouping at the socio-economic level, however, there is a concern that social tables hide considerable within-group inequality.12 One way to mitigate the risk of underestimating inequality is to include more socio-economic classes. Links et al. have recently found that how researchers construct social tables is crucial to the credibility of their inequality estimates. A larger “bottom class”, for example, can create a downward bias in inequality estimates, as in the case of large subsistence societies.22

Another way to address the limitations of social tables is to rely on household-level information. While rare for most pre-industrial societies, the late seventeenth- to early nineteenth-century Dutch and British Cape Colony offers uniquely detailed archival records, enabling an unusually precise investigation of pre-industrial inequality. First, though, I offer a brief literature overview of the existing scholarship on the roots of South Africa’s high inequality.

Inequality at the Cape

South Africa’s persistently high levels of inequality have prompted scholars to investigate its historical roots. Much of this work has focused on the twentieth century, including contributions by Seekings and Nattrass23, van der Berg24 and Alvaredo and Atkinson23-25. These studies show how apartheid entrenched racially structured income and wealth disparities through political exclusion, social stratification and labour-market controls. Yet they also acknowledge that twentieth-century inequality built on foundations laid much earlier – by colonial conquest and mineral discoveries, which shaped a dualistic economy marked by deep divisions from the outset.

The emphasis in much of this literature has been on inequality between racial groups. In the late twentieth century, debates about the links between apartheid, capitalism and inequality centred on the relationship between European settlers, enslaved people and African communities. ‘Liberal’ scholars traced inequality back to early European conquest, emphasising dispossession and the resulting poverty.26 They tended to see economic growth as a force that might gradually erode apartheid’s racial structures. ‘Radical’ scholars, drawing on Marxist theory, focused instead on colonialism as a prolonged struggle over land, labour and markets, where capital and segregation were deeply intertwined.27 As Seekings and Nattrass observe, however, these debates rarely engaged directly with the measurement of inequality itself.23

Economists and economic historians such as Wilson28, Wilson and Ramphele29, and Feinstein30 also focused on the racial inequalities shaped by conquest and control of resources.28-30 Wilson, for instance, emphasised how settler accumulation depended on access to land and water28, while Feinstein argued that conquest intensified labour shortages, limiting the options of Khoe and African communities and forcing them into wage labour on settler farms30. Bundy noted that slavery and the dispossession of Khoe pastoralists helped produce a “population of propertyless labourers”31. By the early nineteenth century, indebtedness and indentured labour increasingly tied African workers to settler households.32 Later, as Africans beyond the eastern frontier entered the cash economy, class divisions emerged within peasant communities, while capitalist farming and railway expansion created new inequalities among white settlers. Segregation and restrictive land laws further marginalised densely populated rural areas, entrenching poverty under apartheid institutions.33,34 The implication is that inequality intensified over time as marginalised groups faced mounting economic constraints.

Less attention has been paid to inequality within groups. Feinstein30, Bundy31, Terreblanche32 and Giliomee35 have shown that urban settler society was already highly unequal by the early eighteenth century. In 1731, just 7% of settlers owned more than half the colony’s landed wealth. This inequality, they argue, was shaped by VOC (Vereenigde Oostindische Compagnie or the Dutch East India Company) mercantilist policies that restricted free trade and regulated prices, and slavery, which advantaged large-scale producers while leaving landless Europeans to work as wage labourers or to farm at the colony’s fringes. Recent work by Fourie and von Fintel supports this view.36,37 Using household-level data, they found stark inequalities within the settler population, with a small elite rising above an increasingly impoverished farming class. However, their findings are based on a single district and cover only a few years.

As Chancel et al. note, “[s]ettler colonialism seems to cast its long shadow on Southern Africa even after the demise of apartheid”38. While much of the literature has focused on racial inequality, especially during the twentieth century, relatively little work has attempted to measure inequality over the long run – and, in particular, within-group inequality across time. This study begins to fill that gap by focusing on the Cape Colony from the seventeenth to the nineteenth centuries, using newly transcribed household-level data to reconstruct historical patterns of inequality.

New sources

The Cape Colony was established by the Dutch East India Company in 1652 as a refreshment station for ships travelling to and from Asia. Over time, it expanded into a settler colony with an agricultural economy based on grain, wine and livestock production, initially concentrated in the southwestern districts of Stellenbosch and Drakenstein. These districts, close to Cape Town and well integrated into market exchange, remained the colony’s economic core throughout the eighteenth century. Recent evidence suggests that these settler communities were not merely subsistence farmers but, particularly in the southwestern districts, accumulated levels of wealth comparable to some of the most prosperous regions of eighteenth-century Europe.39,40

By the early 1800s, the colony had expanded significantly, with settlers moving eastward across the interior. This expansion produced a distinctive economic geography: an urban port, a settled agricultural hinterland worked by enslaved and Khoesan labourers, and a frontier zone of extensive pastoralism. Most farmers were not specialised producers but combined multiple activities – viticulture, grain cultivation, and livestock farming – depending on soil, climate and access to markets.

By 1825, the Cape Colony had been divided into 11 administrative districts, with settler communities established from the agricultural heartland around Cape Town to the eastern and northern frontiers. That year’s opgaafrolle [tax records] recorded more than 10 420 settler households across the colony, with Stellenbosch and Drakenstein together accounting for 15.7% of the total. In 1825, wheat output per farm in Stellenbosch and Drakenstein was among the highest in the colony, reflecting the region’s early integration into market exchange and access to more fertile land.41 As noted, most settler farms pursued diversified agricultural strategies, combining different types of crop cultivation and livestock rearing. Because the VOC prohibited manufacturing at the Cape, farmers also engaged in secondary and limited tertiary activities, such as small-scale brandy production and local trade.42

This diversified production relied heavily on labour. By 1834, over 37 000 enslaved individuals were recorded in the Cape slave valuation rolls, forming what is effectively a near-complete census of the enslaved population on the eve of emancipation. Of these, more than 8400 were registered in the Stellenbosch and Drakenstein districts alone.43 Although numbers are more difficult to estimate, records suggest a steady increase in the use of Khoesan labour, particularly on the frontier. Settler households themselves contributed to the labour supply, with high fertility rates ensuring a steady growth in family labour.44

This rapid demographic expansion was matched by an administrative and bureaucratic growth that left behind a remarkable paper trail. This administrative legacy can be traced to two main causes: the Cape was governed, first, by a profit-maximising company, the Dutch East India Company, which prioritised recordkeeping to maximise profit and minimise corruption, and, second, by the British, for whom political control meant an accurate assessment of its subjects. The second reason for the information abundance is that Cape Town, where these records have been preserved for more than three centuries, has never experienced a major war or natural disaster. It is this rich supply of historical records that allows scholars to go beyond simple social table analyses. It was these records I used to calculate inequality measures for the Cape over almost two centuries. My analysis begins in 1685, three decades after Jan van Riebeeck and his crew of Company workers arrived in Table Bay, and ends in 1844, six years after the enslaved were allowed to leave the farms of the slave owners. The choice of years depended almost entirely on the availability and completeness of the source material.

I used several new historical sources to calculate and compare wealth inequality at the Cape. The first and largest is the opgaafrolle or tax censuses of the Colony. Over the last decade, a team of historians has been meticulously transcribing these records in the Cape Archives in Cape Town’s Roeland street archives, or, when possible, from the online collection of the Dutch National Archives in The Hague.45 The annual censuses of settler households are remarkably rich in their content. (Although “settlers” here refer predominantly to those of European descent, the tax censuses include all free burghers, including those of mixed-race residents, freed slaves, and, less frequently, independent Khoesan farmers and mission station residents.) They include the names of the male household head and wife, the number of settler sons and daughters, the number of enslaved workers (by gender and age), the number of Khoesan workers (by gender and age), and then various agricultural assets, including a count of horses, cattle, sheep, pigs and vines, and quantities of wheat, barley, rye and oats reaped and produced, and wine (and later brandy) produced. Towards the end of the period, the tax censuses also included information about wagon ownership and taxes paid.

While the VOC levied taxes primarily on surplus agricultural production, enforcement was inconsistent. Taxes were assessed annually by local officials who questioned settlers directly rather than conducting inspections. This reliance on self-reporting created clear incentives for under-reporting. Assets not subject to tax, such as slaves, were likely reported more accurately, while taxable assets, especially grain and later livestock, were systematically under-reported, particularly by wealthier households with more to gain.46 It is also likely that under-reporting varied across space and time. As such, any analysis must acknowledge the limitations of using these opgaafrolle: tax-based data may bias estimates downwards for taxable wealth, while the absence of fixed assets like land, which was more evenly distributed, could bias inequality estimates upwards. Yet, despite these concerns, the comprehensiveness of the opgaafrolle, their near-complete coverage of settler households and consistent inclusion of a wide range of economic variables, makes them the most reliable source for studying long-run inequality at the Cape.47

Another source I used is the probate inventories of Cape settlers. The assets of deceased settlers offer another opportunity to measure inequality. Probate inventories were collected by the Master of the Orphan Chamber (MOOC) in Cape Town, an institution responsible for administering estates when individuals died intestate, left heirs under 25 or unmarried or had heirs who were untraceable. In some cases, settlers specifically requested that the Orphan Chamber act as the executor of their estates, and, if no exclusions were made in their wills, the Chamber took responsibility. The series documents the material wealth left behind by deceased settlers, including household goods, livestock, slaves, and other movable assets, allowing researchers to paint a detailed picture of the economic life in the Colony. I first analysed the MOOC 8-series a decade ago39; for this analysis, however, I used an updated version that includes the full series of probates into the nineteenth century.

Third, I used a recently constructed Slave Emancipation Data set. The data set provides detailed insight into slave ownership and wealth distribution in the Cape Colony at the time of abolition in 1834.43 Compiled from slave valuation rolls, slave registers and compensation data, it allows for the analysis of inequality among slave-holders.

The foundation of the data set is the slave valuation rolls, compiled by appraisers appointed by London in 1834. These officials travelled across the Cape Colony’s 11 districts, documenting slave owners, the number of slaves they held, and various characteristics of the enslaved, such as their age, gender and occupation. This data set provides a near-complete census of slave ownership on the eve of emancipation, but it is crucial to note that it only includes those settlers who still owned slaves in 1834. Valuations were based on historical slave sale averages from 1823 to 1830, adjusted for district conditions, although the Clanwilliam and Swellendam districts lack valuation data.

Following the appraisals, slave owners were compensated by the British government, but the compensation process was controversial. Rather than receiving payment based on the appraised value of each individual slave, slave-holders were compensated according to an average value per slave class, calculated across the entire colony. This method, meant to allocate the limited compensation funds as evenly as possible, often resulted in significant discrepancies between the appraised value of slaves and the actual compensation received. Slave owners, in many cases, received far less than the estimated value of their slaves, fuelling dissatisfaction, especially among wealthier slave-holders.

Each data set introduces specific biases due to the limitations inherent in historical records. The annual tax censuses may contain errors from repeated handling and the poor condition of original documents; to reduce this impact, I manually trimmed outlier values, although this was unnecessary for the smaller probate and slave emancipation data sets. The MOOC 8-series probate inventories also face geographic and demographic bias, as they mostly reflect wealthier, younger estates near Cape Town, likely omitting poorer, remote frontier farmers and older households. Coverage of the settler population declines after the 1740s, potentially increasing sampling bias, yet the series remains invaluable for studying Cape wealth and material culture. Lastly, the Slave Emancipation Data set omits data for certain districts.

Here, I measure inequality based on agricultural assets recorded in these sources, encompassing elements of both income and wealth inequality. While some assets, like wheat reaped, reflect flow variables akin to income, most assets – such as the numbers of horses, cattle, and sheep – represent stock variables, a form of wealth. However, these are not pure wealth estimates: I do not capture fixed household assets, such as land or property, nor financial assets, except for the compensation settlers received at emancipation. Thus, these Gini estimates should lie between standard income and wealth inequality measures.

Finally, a full description of the data curation and transformation is provided in the supplementary material. All data and source codes used in this paper are available upon request to the corresponding author and will be made publicly available upon completion of the project in 2026; further details can be found at www.capepanel.org.

Results

I used four complementary data sets to trace the evolution and structure of inequality in the Cape Colony between the late seventeenth and mid-nineteenth centuries. First, I analysed the data from the tax censuses, focusing on patterns of inequality over time and across space. Second, I examined the settler probate inventories, which provide insights into wealth distribution based on the assets of deceased individuals. Third, I present findings from the slave emancipation data set, highlighting the valuations of enslaved individuals and the compensation received by slave owners following emancipation. Finally, I return to the tax censuses to study inequality within Khoe settlements.

Tax censuses

I first plot, in Figure 1, the annual Gini coefficients for six asset types – horses, cattle, sheep, wheat reaped, vines and wine – as well as the total value of the combined assets in the district of Stellenbosch-Drakenstein, one of the oldest and most populous districts within the Colony, and for which the records are also most complete.48 A total of 142 219 household-level observations were recorded across 159 annual censuses conducted between 1685 and 1844. These are not necessarily unique households, as many were surveyed repeatedly over time. The number of households recorded per year increased markedly over the period. In the first decade (1685–1694), the censuses recorded an average of 219 households per year. By the final decade (1835–1844), that figure had risen to 1442 households per year. The average across the entire period was 995 households per year.
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Figure 1: Gini coefficients for six asset types and for the total value of all six asset types (averaged across every two decades) in Stellenbosch-Drakenstein, 1685–1844.



Three trends are immediately apparent. First, inequality within the free population is remarkably high; not a single asset has a measured Gini of less than 0.5 in any year between 1685 and 1844. Second, although there is some variation over time – the Gini for wine, for example, increases during the eighteenth century and then begins to decline at the turn of the nineteenth century – Gini coefficients are largely persistent. Third, there are moments of volatility: during the first three decades of the sample, in the period 1795–1805 and again after 1828. These reflect changes to the data generating process – political and institutional change – and should be treated with caution.

I next combined these six assets into a basket and calculated the Gini coefficient of the combined asset values. I derived a rix-dollar price series for the six basket assets from the Cape Orphan Chamber auction rolls (MOOC10, volumes 1–39, covering 1701–1825), recently transcribed and digitised.49 These auction-based prices are broadly stable through much of the eighteenth century but rise sharply and become more dispersed from the 1780s into the early nineteenth century – a pattern visible, for example, in ox prices, which are mostly below 20 rix-dollars before the 1780s and have higher medians after 1800. Valuing holdings at these contemporaneous market prices provides a common numeraire across households and years at the Cape, enabling like‑for‑like Gini calculations. The resulting series, shown in Figure 1, confirms the above results: a high and persistent Gini coefficient of between 0.6 and 0.75 for the entire eighteenth century, increasing further into the nineteenth century. As this measure combines the total production of all six asset categories, it yields somewhat lower inequality than the more extreme asset types, reflecting the non-specialised nature of agricultural production – yet it remains very high.

Another way to report the distribution is to express it in terms of top shares. Calculated on the combined value of the six agricultural assets only – excluding land and all other assets – and for settler households alone (Khoe and enslaved households excluded), the top 1% holds on average about 12% over the period, rising into the nineteenth century (averaging about 18% in 1800–1830). The upper tail likewise thickens: the top 0.1% and 0.01% increase from around 2% and 0.5% in the eighteenth century to about 3.7% and 0.8%, respectively, in the early nineteenth century. Although these values should be read with caution – they refer only to agricultural asset values and are therefore not directly comparable to estimates of top shares in later periods – they nevertheless indicate a distribution heavily skewed to the top.

Cape settlers relied heavily on slave labour, and ownership of enslaved people is recorded in the tax censuses. Although the proportion of slave-owning households declined somewhat during the eighteenth century, slave-holding remained more unequally distributed than other asset types throughout the period. The Gini coefficient for slave men, for example, consistently exceeded 0.7.

I first included enslaved people as assets within settler households. Because individual slave prices are not recorded in the tax censuses, I approximated their value by capitalising an annual ‘income’ of 12 sheep at a 6% interest rate – yielding an estimated value of 200 sheep per enslaved person.50 This aligns with historical estimates from the early nineteenth century suggesting that Khoe labourers received, on average, a sheep per month.51 Including slaves in the settler asset basket lowers the Gini coefficient slightly, as indicated by the dashed line in Figure 2. This suggests that slave ownership was not perfectly correlated with taxable agricultural output and is consistent with the historical record that enslaved labour was also used for domestic and artisanal work (e.g. as wagon drivers, coopers or servants), which is not reflected in the censuses.
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Figure 2: Gini coefficients under alternative scenarios of slave inclusion, Stellenbosch-Drakenstein, 1685–1844.



Yet enslaved people were not only economic inputs within settler households; they were part of the broader colonial population. To estimate inequality across both settlers and the enslaved in the Stellenbosch-Drakenstein district, I treated enslaved men as separate households and calculated two additional scenarios. In the first, I assumed they owned no assets. This assumption is not strictly accurate – enslaved individuals could, and sometimes did, accumulate personal property and savings, including to purchase manumission – but such cases were relatively rare before the legal reforms of the 1820s, which began to formalise slave property rights.52 In this scenario (shown by the dotted line in Figure 2), the Gini coefficient rises steeply, reaching 0.92 by the late eighteenth century.

In the second scenario, I assumed enslaved men received in-kind com-pensation equivalent to 12 sheep per year. This adjustment reduced measured inequality slightly, but the resulting Gini coefficient (shown by the dot-dashed line) remains extremely high, hovering around 0.89 to 0.91. These values are consistent with those found for Caribbean slave societies53, and stand in contrast to the Cape’s relatively equal land distribution and the partible inheritance system, which should have tempered wealth concentration54. The combination of enslaved labour, skewed asset ownership and demographic structure thus produced one of the most unequal settler societies in the early modern world.

It is important to note that the estimates presented thus far exclude Indigenous communities, most notably the Khoe, who were not systematically recorded in the settler tax censuses. While Khoe labour was critical to the colonial economy – particularly on the frontier – our knowledge of their population size and distribution remains limited. Estimating their numbers, let alone changes over time, is highly uncertain and cannot be meaningfully compared to the more precise counts available for settlers and enslaved individuals. For this reason, Khoe households are not included in the inequality estimates shown in Figures 1 and 2. We return to them later, when we examine the subset of Khoe households that do appear in the tax records and consider patterns of asset ownership within those communities.

These results are for the entire eighteenth century but focus only on the district of Stellenbosch-Drakenstein. Perhaps this region was uniquely unequal. To test whether this is true, I turned to a cross-section of all districts for which tax censuses are available in or around 1825. I used 1825 for the Cape district, Stellenbosch, Graaff-Reinet, Swellendam, Albany, Beaufort, George and Uitenhage; 1824 for Clanwilliam and Worcester; and 1823 for Cradock. I calculated the Gini coefficient for six agricultural outputs: horses, oxen, cattle, sheep, wheat and wine. The full data set consists of 10 420 observations. Note that these are unique households, as I relied on a single year only. The results are presented in Figure 3.
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Figure 3: Inequality and asset concentration by district and asset type, 1825.

Note: Circle size reflects the total quantity of each asset in a given district, scaled relative to the largest value within each asset type. Gini coefficients measure within-district inequality of ownership for each asset. Asset totals are not comparable across facets.



Apart from one case – Albany has no wine production in 1825 – the Gini coefficients are above 0.5 for all output variables in all districts. Some output types are, however, more unequal than others. Wine, for example, is far more unequally distributed than any other crop: all districts record Gini coefficients above 0.8. By contrast, horses and oxen are more equally distributed. This suggests two reasons why Stellenbosch should be seen as the upper end of the inequality distribution: it had high wine output and it had a large concentration of enslaved people.

Probate inventories

I next analysed 4423 probates in total to calculate inequality. Despite concerns about sample selection, there are several benefits to using probates. First, they document a range of household assets, although I do not exploit this feature here. Instead, I only report five asset types to allow for easier comparison with the tax censuses. The levels of inequality for the other assets, however, largely mirror those reported here. Second, probates cover the entire period of analysis and all districts with little change in administrative procedure and reporting. Third, they avoid issues of tax avoidance, a serious concern in the tax censuses (and another reason to suspect that inequality is underestimated).

Figure 4 reports the Gini coefficients for cattle, horses, sheep, ploughs and wagons over the eighteenth and early nineteenth centuries. All five Gini coefficients closely mirror those calculated from the tax records. Both measures indicate severe and persistent inequality, with Gini coefficients for all assets exceeding 0.6, and from 1770 onward, surpassing 0.7. There is little doubt that these results reflect a deeply unequal distribution of settler wealth from very early in the colonial period.

[image: 113673_Fourie_20532_fig4]

Figure 4: Gini coefficients of assets at death, 1700–1830.



Slave emancipation

The Slave Emancipation Data set reports the valuation of each enslaved individual as well as the compensation each owner received. The total number of individual-level observations is 36 417. I calculated the Gini coefficient of both. Figure 5 reports the scatter plot of the two, by district (the black dots). What is clear is that slave ownership was unequal in 1834, although not as extreme as that from the other records analysed: the valuation Gini ranges between a low 0.29 for Somerset and Uitenhage to a relatively high 0.47 for Worcester. Compensation Gini coefficients are more unequal: some slave owners clearly received compensation equivalent to the value of their enslaved while others did not, as also highlighted in the literature. These Gini coefficients range between 0.45 in Somerset and 0.55 in the Cape district.
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Figure 5: Gini coefficients for valuation of the enslaved and compensation received by slave owners, by district, 1834.



Although these Gini coefficients suggest that inequality in slave ownership existed – and, therefore, wealth inequality, as enslaved people were considered the most valuable asset at the time – these results hide an important truth: it only includes slave owners, less than 30% of the settler population at the time. To calculate the actual settler inequality, I added 13 033 non-slave-owning settlers, and re-estimated both Gini coefficients. The results are also reported in Figure 5 (grey triangles).

The results now align much more closely with the inequality estimates as calculated in the tax censuses and probate inventories. Gini coefficients for the valuation data set range between 0.49 (Stellenbosch, surprisingly the least unequal district) and 0.75 in Beaufort, although that is largely a consequence of very few slave-owning families in that district. When considering the compensation received, Gini coefficient estimates are extreme, ranging between 0.83 in Somerset to 0.92 in the Cape district. Again, wealth was highly unequally distributed.

Khoe settlements

The above results reflect income and wealth inequalities of settler households. Where I have incorporated enslaved people, they appear as zeros. But colonial recordkeeping was not limited to the settler population. By the early nineteenth century, several Khoe settlements were also incorporated into the colonial administrative system, notably mission stations. These records are now being transcribed and analysed.

I considered three of these settlements in 1825: Bethelsdorp, Swartrivier, and Groenekloof. Bethelsdorp, founded in 1803 by the London Missionary Society near Algoa Bay, became an important settlement for the Khoe, offering some protection and autonomy within the colonial system.55 By 1814, Bethelsdorp had become a refuge for the 425 Khoe households recorded in the tax census, although it struggled economically due to poor soil and limited resources. Swartrivier, in the Swellendam district, developed as the Khoe were being drawn into the colonial economy through labour contracts and informal patronage.56 Primarily pastoralists, many Khoe worked for European farmers as herders or labourers, often in exploitative conditions. By 1825, Swartrivier served as a base for 364 Khoe households trying to maintain some independence. Groenekloof (later Mamre), established in the early nineteenth century by the Moravian Missionary Society, became a haven for freed slaves and Khoesan.57 By 1825, it was a thriving community where 108 households practised subsistence farming and casual labour. Although it offered sanctuary, the settlement’s population remained largely reliant on nearby farms for employment.

The tax records for these three settlements are similar in style and content to those collected for settler households, but they typically record fewer variables (on account, presumably, of Khoe households owning fewer assets). For my purposes here, I considered five asset types: cattle, horses, oxen, sheep and wheat reaped. I calculated Gini coefficients for each asset type across the three districts and report the results in Figure 6.
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Figure 6: Gini coefficients for five asset types in three Khoe settlements, 1814–1825.



The Gini coefficients reveal severe inequality within all three Khoe settlements. Aside from cattle in Bethelsdorp with a Gini of 0.72, all other assets have Gini coefficients above 0.75, with some very close to perfect inequality. For example, only ten families own sheep in Bethelsdorp and only one family owns sheep in Groenekloof. In many ways, the inequality within these Khoe settlements is as pronounced, and sometimes more so, than that recorded among settlers. However, when Khoe and settler households in Groenekloof, Swartrivier and Swellendam are combined into a single population, a different picture emerges. Because settler households were, on average, significantly wealthier than Khoe households, overall inequality rises sharply, reflecting both high within-group inequality and substantial between-group disparities. The Gini coefficient for cattle ownership, for instance, reaches 0.92, while the measures for horses, oxen and wheat all exceed 0.77.

These results reflect the severe and persistent inequality, both within and across the various population groups and time periods in the Cape Colony. Whether examining settler households, slave ownership or Khoe settlements, the data consistently reveal high levels of wealth concentration. Inequality, the household-level data reveal, was a defining feature of the eighteenth and nineteenth century, pre-industrial Cape society.

Conclusions

In their analysis of top incomes in twentieth-century South Africa, Alvaredo and Atkinson note that “[t]he share of the top 1% was halved between 1914 and 1993”25. This raises an important but largely unanswered historical question: when did these high levels of inequality emerge?

To begin answering this, I drew on newly transcribed household-level records from the seventeenth-, eighteenth- and nineteenth-century Cape Colony. These include tax censuses, probate inventories and slave valuation rolls, which together enabled the first detailed reconstruction of inequality across different groups and periods in early colonial South Africa. The results reveal striking levels of inequality within settler society and, where data permit, within Khoe communities as well. Measured through ownership of agricultural assets, inequality among households consistently exceeded Gini coefficients of 0.6 – a threshold typically associated with severe levels of inequality in contemporary settings.

This study contributes to South Africa’s economic history by demonstrating that severe inequality is not a recent phenomenon. Rather, it was already deeply embedded in the structure of colonial society, long before the onset of twentieth-century racial segregation. While direct comparisons with modern income or wealth measures are difficult, the evidence suggests that highly unequal distributions of productive resources were a persistent feature of South African history.
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Aspalathus linearis (‘rooibos’) is a polymorphic perennial shrub native to the Fynbos Biome (South Africa), which is commercially cultivated and harvested from the wild to produce rooibos tea, a herbal health drink. Ongoing utilisation of the species necessitates knowledge of the status of the species in the wild to facilitate sustainable management of the resource. We assessed the current occurrence, potential distribution, estimated population size and threats to persistence of wild rooibos and its ecotypes. We confirmed previous accounts of the distribution range of wild rooibos, although it was absent from historically recorded locations south of Malmesbury in the Western Cape Province of South Africa. The predicted distribution range of the species is almost 600 000 ha, with relatively little overlap in the predicted ranges of the respective ecotypes (120 000–250 000 ha each). Based on the predicted distribution ranges in conjunction with field-observed population densities, the total population of wild rooibos is estimated, based on crude extrapolation, to be at least 15 million plants and each ecotype at least 3 million. More than a quarter of the species’ predicted range (20–40% of each ecotype’s range) occurs in proclaimed protected areas. Our evaluation of threats suggests that wild rooibos is not significantly threatened by harvesting, invasive alien plants, overgrazing or inappropriate fire regimes. Potential genetic contamination with cultivated varieties, and further large-scale agricultural transformation are unlikely, while climate change arguably constitutes the largest threat. These findings are promising for securing this wild resource in the future, and valuable for informing conservation status and sustainability assessments, resource management and monitoring.

Significance:


	•
The study presents a national assessment of the status of a biotrade resource, rooibos (Aspalathus linearis), in the wild.


	•
The species’ estimated population is at least 15 million plants and its predicted distribution 600 000 ha, of which >25% occurs in proclaimed protected areas.


	•
Climate change arguably constitutes the largest threat to wild rooibos, more than harvesting, inappropriate fire regimes, genetic contamination and further habitat transformation.


	•
These findings are promising for securing this wild resource in the future and valuable for informing conservation status (e.g. IUCN Red List) and sustainability (e.g. CITES Non-Detriment Finding) assessments and monitoring.









Introduction

Aspalathus linearis (Burm.f.) Dahlg., or ‘rooibos’, is a highly polymorphic perennial shrub endemic to drier areas of the truly winter-rainfall, northwestern part of the Fynbos Biome1,2 within the hyperdiverse Cape Floristic Region3 of South Africa. Rooibos is commercially cultivated on a large scale to produce rooibos tea, a traditional herbal health drink, marketed internationally.4 Rooibos tea is a well-established and organised industry with a relatively stable production mass annually. Currently, only a very small portion of the produce (0.001% of approximately 20 000 metric tons annually) comes from wild harvested populations (Gerhard Pretorius, unpublished data), but prior to the 20th century, rooibos tea was exclusively collected in the wild.5 With the ongoing utilisation of wild populations of the species, knowledge of its distribution, abundance, ecology, and potential threats to its persistence is vital for the sustainable management of this resource. Such foundational knowledge is also required to inform conservation status assessments (e.g. using the International Union for Conservation of Nature [IUCN] Red List criteria)6 and potential trade regulation (e.g. following the Non-Detriment Finding process used by CITES [Convention on International Trade in Endangered Species of Wild Fauna and Flora)7.

Accordingly, a resource status assessment8, commissioned by the South African government, was recently undertaken for rooibos in the wild, with the aim of informing potential trade regulation, and assessment and future monitoring of the conservation status of the species. Aspects of this resource assessment related to the species’ population ecology and effects of harvesting are presented by Kraaij and Pretorius9, while the current paper addresses aspects focused on the distribution and abundance of, and threats to, the species and its respective ecotypes.

A substantial component of the literature on rooibos pertains to its cultivation, such as establishing optimal growth conditions for cultivated plants10,11, and its utilisation, such as characterising phenolic and phytopharmaceutical properties12-14. Studies of wild rooibos have considered the species’ taxonomy, morphology1,2,5,15, genetic variation16-18 (a brief account occurs in the study species description), and distribution, but information on the latter is outdated or patchy, and often contained in studies focused on other aspects of the species’ biology or ecology1,2,5,15-18. Malgas et al.5 mapped the potential distribution of wild rooibos based on bioclimatic suitability for the species but have not rated the importance of the bioclimatic parameters influencing the species’ occurrence. They recommended consideration of soil factors in attempts at modelling the potential distribution of the species, in addition to investigation of bioclimatic correlates of the ecotypes separately. Lötter and Le Maitre19 also performed bioclimatic modelling to estimate the realised niche of wild rooibos and the range suitable for cultivation under the contemporary climate and future climate change. They found seasonal precipitation and low minimum winter temperatures to be important factors affecting the species’ distribution, and predicted substantial range contraction for wild and cultivated rooibos under future climate change scenarios. Importantly, the current distributions of the species and ecotypes have not been field-verified comprehensively, and no other study has modelled the distributions of the ecotypes separately. Aiming to fill these gaps, we assessed, for wild rooibos and its ecotypes: (1) their current occurrence, (2) their potential distribution, (3) their population size, and (4) threats to their persistence. With this information, and by drawing on a related study9, we provide a coherent assessment of the species’ status in the wild and set a baseline against which future monitoring can be conducted.

Study species

Rooibos occurs in the winter rainfall area of South Africa from Vanrhynsdorp in the north to the Cape Peninsula and the Betty’s Bay area in the south, while unconfirmed records exist as far east as Riviersonderend and Bredasdorp.1,15 Rooibos’ range is characterised by cold wet winters and hot dry summers with 300–900 mm of rain per annum with no known occurrence records in the bimodal or summer rainfall regions of South Africa.1,15 The species occurs at elevations of 450–900 metres above sea level and is adapted to deep, well-drained, oligotrophic and acidic sands.12,20 The ecology and harvesting of rooibos are detailed in a related study by Kraaij and Pretorius9. Rooibos is an extremely variable species complex displaying distinct ecotypes or geographical forms.1,2,16 Additionally, some other closely related species, like A. pendula Dahlg. and A. lebeckioides Dahlg., may be difficult to distinguish from wild rooibos.12 These taxonomic and identification issues complicate attempts to verify historical location records and to map the distribution of A. linearis. Moreover, differentiation among the ecotypes of wild rooibos, with the view to delineate and compare their distributions, is equally challenging, with several categorisations in existence that show overlap and differences.5,12,15,17

The ecotypes differ in habit, fire-survival strategy, vegetative and reproductive morphology, biochemistry, and genetics.12,16,17 Local land users identified four main growth forms, namely an ‘Erect’ or ‘Upright’ form, a ‘Prostrate form’, a ‘Bush’ or ‘Shrub’ form, and a ‘Tree’ form, although Malgas et al.5 included the Tree form with the Erect form (Supplementary figure 1). Both the Bush and Prostrate forms are wider than they are tall and possess more stems closer to the ground than the Erect form.5 Hawkins et al.15 later additionally identified the ‘Salignus’ type, a tall (2–3 m), lanky, willow-like form with a sparse canopy (Supplementary figure 1). Prostrate and Shrub forms resprout after fire, while the Erect, Tree, and Salignus forms regenerate from seed only. The cultivated ‘Nortier’ form of the species originates from the upright and densely branched Erect form12, resembling in habit the Bush and Erect types15. The Erect and cultivated forms possess the highest harvestable biomass.5

Distribution and habitat preferences are evident between the ecotypes: the Bush, Prostrate and Tree types occur towards the northern part of the species’ range, and the Prostrate, Erect and Salignus types toward the south.15 Prostrate and Erect ecotypes occur at higher elevations (>400–600 masl), the Bush type at lower rainfall sites (<200 mm p.a.) and the Salignus type at higher rainfall sites (>500 mm p.a.) at lower elevation. Ecotypes co-occur at the regional scale, e.g. Erect and Prostrate, or Bush and Prostrate occur in the same region, whereas co-occurrence at the local scale (e.g. Prostrate and Erect occurring interspersed) is possible but uncommon.15 For the purposes of this resource assessment, we differentiated four ecotypes: (1) Bush (including Bush and Shrub forms), (2) Prostrate, (3) Erect (including Erect, Upright and Tree forms), and (4) Salignus (after Kraaij and Pretorius9) (exemplary images in Supplementary figure 1).

Methods

Current occurrence

All obtainable geo-referenced data on historically recorded wild rooibos were collated in a geographic information system (GIS) shapefile. These data were sourced from GBIF (https://www.gbif.org/) and CapeNature databases, published research5,12,15,16,19, and author (G.C.P.P.) and expert knowledge of wild populations. Historically recorded locations were revisited in the field (during September 2023 to February 2024) as far as possible to establish the species’ presence or absence at these locations. En route to these locations and to sites where population surveys were undertaken (details below), additional observations on the species’ presence or absence were made along the roadside. Georeferenced pictures were taken of rooibos plants present at these locations and the specific ecotype determined from the pictures. All verified and new occurrence locations of wild rooibos and its respective ecotypes were collated in a GIS database.

Species distribution modelling

We used maximum entropy (MaxEnt) modelling in R21 using the package dismo to predict the distribution of wild rooibos (detailed methods are in the supplementary material). The field-verified location records (n = 146) of the species and ecotypes were used as input data for the species distribution models (Supplementary figure 2). After removal of duplicate occurrences within individual pixels of ~1 km resolution of the environmental predictor rasters, 100 occurrences were used for modelling potential distributions. These 100 occurrences included 12 records for the Bush type, 42 for Prostrate, 33 for Erect and 13 for Salignus. Predictor variables used were precipitation of warmest quarter; precipitation of coldest quarter; maximum temperature of warmest month; minimum temperature of coldest month; topographical slope; soil electrical conductivity; soil K, Na, P, C, N and pH; and percentage sand. Models were evaluated using the area under the receiver operating characteristic curve (AUC). We used the cloglog output of MaxEnt to predict the distribution of rooibos, both as an entire species and for individual ecotypes. This output serves as an indicator of relative environmental suitability.22 To capture model uncertainty, we generated weighted mean suitability maps for the species and ecotypes based on an ensemble of 100 model runs with varied model choices and parameter settings.23 For easier interpretation, we converted these weighted mean suitability maps into binary presence/absence maps by applying a threshold value equivalent to the maximum sum of sensitivity and specificity. To assess environmental factors that potentially affect the distribution of rooibos and its ecotypes, we produced response curves illustrating the relationship between each environmental predictor and the predicted relative suitability.

Population size and extent of protection

To obtain an estimate of the range of densities at which rooibos and its ecotypes occur in the wild, population surveys were undertaken during September 2023 to February 2024 across a large part of the geographical range of rooibos (Supplementary figure 3) and across various land holder types, harvesting regimes and post-fire vegetation ages (see Kraaij and Pretorius9 for more detail). In total, 45 populations were surveyed: 15 populations of the Bush ecotype, 11 Prostrate, 14 Erect, and 5 of the Salignus ecotype. At each survey site, belt transects of 2 m in width and of variable length were positioned a minimum of 5 m apart across a population of wild rooibos, until approximately 50 individual plants were recorded, taken as representative of that population. The total length of the transects surveyed was recorded to enable calculation of the density of plants in each surveyed population. At each of these sites, threats pertaining to these populations were noted with consideration of harvesting, fire frequency (the latter two metrics were assessed quantitatively by Kraaij and Pretorius9), invasive alien plants, overgrazing, land transformation, or other obvious threats.

Crude estimates of the total population sizes of A. linearis and its ecotypes were subsequently calculated by multiplying the range of plant densities at which the species occurred (obtained from population surveys) by the sizes of the predicted distribution ranges obtained from our species distribution modelling. The areas predicted to be occupied by the species and the ecotypes were based on the binary presence/absence predictions from the distribution modelling. The mean, minimum and maximum density of plants for the species and for each ecotype were then multiplied by the area of the predicted distribution range to provide three estimates of the population size for the species and ecotypes (i.e. population size estimates based on mean, minimum and maximum density). These estimates were interpreted using knowledge of the spatial distribution of populations in the landscape.9 To determine the proportion of the species’ and ecotypes’ ranges that occurs inside proclaimed protected areas, we overlaid the predicted distribution ranges of the species and ecotypes with a spatial layer of proclaimed protected areas (https://portal.environment.gov.za/PortalDownloads/PACA_Gazettes/PA) in GIS.

Threats

Information on potential threats to wild rooibos was obtained from (1) the literature, (2) discussions with land managers and harvesters, and (3) observations and data collected during our population surveys. Furthermore, we used GIS to assess the occurrence of fields of cultivated rooibos within the predicted distribution range of wild rooibos and calculate the distances from cultivated rooibos to our field-verified locations of wild rooibos and to the population survey sites.

Results and discussion

Current occurrence

A total of 235 historical location records were assimilated and informed field verification of the species’ current occurrence. The species was absent at 30 and present at 47 of these locations, and was recorded at 99 new locations (Figure 1). The easternmost confirmed population was at De Doorns, while rooibos was not found at an outlier north of Nieuwoudtville and one east of Vanrhynsdorp, and some locations around Citrusdal. Notably, wild rooibos was not found at any of the historical locations that were field-verified south of Malmesbury, at Franschoek, on the Cape Peninsula, or the Gordon’s Bay and Betty’s Bay areas.12 Some of these historical location records may have been inaccurate spatially, or comprised misidentifications, where comprehensive verification of data associated with herbarium specimens would be required to resolve this. In some cases where rooibos was absent from historically recorded locations, the habitat at these locations was clearly unsuitable for rooibos, that is, the habitats had very steep slopes, clay soils, or wetlands, and lacked the plant assemblages commonly associated with wild rooibos populations. However, the species (and mostly the Prostrate type) does occur in some of these outlying areas to the south, as gleaned from iNaturalist records (http://www.inaturalist.org/) verified by trusted sources. Nevertheless, it seems clear from our field verification that the species mainly occurs in the area between Nieuwoudtville in the north, Groot Winterhoek in the south, Wupperthal and the Tra-Tra mountains in the east, and just southeast of Graafwater in the west.
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Figure 1: Results of field verification of historical location records of wild rooibos, showing where rooibos was present, absent or not verified, as well as new location records.



Predicted distributions

MaxEnt models for rooibos and its ecotypes all exhibited high accuracy (AUC values of 0.95–0.98) which lends confidence to the predicted distributions. For the species as a whole, the predicted distribution stretches from Nieuwoudtville in the north to just southeast of Ceres, with the bulk of its distribution around Clanwilliam and Citrusdal (Figure 2; Supplementary figure 4). This largely matches descriptive accounts of the species’ distribution1, although our predicted distribution extends beyond Vanrhynsdorp to Nieuwoudtville, but not southward beyond Ceres to the Cape Peninsula and Betty’s Bay. The latter is owing to our input data not including confirmed occurrences of the species in the south (Figure 1; Supplementary figure 2). Compared with the suitability map predicted by Lötter and Le Maitre19 under contemporary climate, our predicted distribution range has a similar boundary, but with a larger area of suitability predicted within. The area predicted by the species distribution model to be occupied by wild A. linearis is almost 600 000 ha in extent, while the areas predicted to be occupied by the respective ecotypes ranged between approximately 120 000 ha and 250 000 ha (Table 1). The Salignus ecotype had the largest predicted area occupied, followed by the Prostrate type, Bush type and, lastly, the Erect type.

[image: 113673_Kraaij_20627_fig2]

Figure 2: Predicted distributions of wild Aspalathus linearis for the species as a whole (Species) and for each of the four ecotypes. Red indicates predicted presence and blue predicted absence.





Table 1: Population estimates for rooibos as a species and its ecotypes based on the predicted distribution ranges and field-derived population densities for each ecotype. Because densities were variable across sites, population estimates were provided based on the mean, minimum and maximum plant density per ecotype.



	Ecotype
	Area occupied (ha)
	Mean density (plants/ha)
	Minimum density (plants/ha)
	Maximum density (plants/ha)
	Population based on mean density
	Population based on minimum density
	Population based on maximum density

	Species
	589 700
	3019
	25
	28 889
	1 780 264 533
	14 742 496
	17 035 838 961

	Bush
	121 085
	2686
	109
	11 087
	325 173 829
	13 198 268
	1 342 469 650

	Erect
	119 884
	1578
	25
	6951
	189 139 788
	2 997 096
	833 312 465

	Prostrate
	161 161
	5355
	27
	28 889
	863 000 201
	4 351 343
	4 655 775 610

	Salignus
	254 576
	1533
	564
	2476
	390 315 282
	143 580 628
	630 329 140





The ecotypes exhibited distinct but somewhat overlapping predicted distributions (Figure 2). Only at the core of the entire species distribution was there substantial overlap of the ecotypes (Supplementary figure 5). Note that the predicted distribution for the entire species does not equal the sum of the predicted distributions of the respective ecotypes (minus duplication due to overlaps). This is because the predicted distribution for each entity (species or ecotype) is based on its own model determining suitability for that entity, and, compared to the entire species, the ecotypes seem to have higher suitability at the extremes of their ranges (Supplementary figures 4 and 5) and higher thresholds for defining presence or absence. The Bush and Prostrate (both resprouter) ecotypes had fairly similar predicted distributions, largely to the east and south of Clanwilliam and Citrusdal (Figure 2). The Erect and Salignus (both reseeder) ecotypes also had similar distributions but differed from the other two ecotypes in that their distributions extended to the west and north of Clanwilliam and Citrusdal. The Salignus ecotype was the only ecotype predicted to have a distribution extending further south to around Ceres and west beyond Piketberg, with predicted occurrences in these areas larger in extent than a few insubstantial dots. These predictions of ecotype distributions only partially match the descriptions of ecotype distribution by Hawkins et al.15 gleaned from field observations. These authors stated that the Bush and Tree types occur towards the northern part of the species’ range, the Erect and Salignus types towards the south, and the Prostrate type across the range from north to south. Our predictions show more of a distinction in distribution of the resprouter forms (Bush and Prostrate) versus reseeder forms (Erect and Salignus) between northeast and southwest, with the Salignus type’s distribution being the most encompassing.

Environmental correlates of distribution

Ecotypes exhibited unique patterns in terms of the importance of variables as correlates of distribution, with little overlap of variable importance ranking (Table 2). The minimum temperature of the coldest month came out as the most important correlate of distributions for rooibos and for the Bush and Prostrate resprouter ecotypes (importance values from 45% to 52%), and rooibos and the Bush and Prostrate ecotypes exhibited highest suitability at or below freezing temperatures (Supplementary figure 6A–C). Precipitation in the warmest quarter was the second most important variable for the species and the same two ecotypes (14% to 33%), and the species and these ecotypes exhibited highest suitability for low precipitation in summer (Supplementary figure 6A–C). Potassium was the most important correlate for the Erect and Salignus reseeder ecotypes (41% and 70%, respectively), with suitability being highest at very low values of potassium (Supplementary figure 6D,E). Soil electrical conductivity was also important for the Erect type, with high suitability at very low conductivity (Supplementary figure 6D). Carbon was moderately important for the Erect and Prostrate types, with high suitability at low levels of carbon (Supplementary figure 6C,D). When comparing our results with those of Lötter and Le Maitre19, both studies found low minimum winter temperatures and low summer precipitation as important variables, but they found winter precipitation to be the most important variable and slopes of 3–10° to be moderately important, whereas precipitation in the coldest quarter and slope showed zero or near zero importance in our study. It is possible that low winter temperatures may promote rooibos germination as cold stratification of seeds or fluctuating diurnal temperatures facilitate germination in some hard-coated fynbos species.24,25 It is furthermore likely that higher temperatures in winter (and generally), particularly along with high moisture availability (~higher summer precipitation), would facilitate pathogenic oomycetes such as Pythium spp. (predominantly P. irregulare) and Phytophthora cinnamomi that are known to cause mortality of rooibos in nurseries and natural settings.26 Wild rooibos’ preference for soils with low levels of potassium and carbon and low electrical conductivity generally aligns with the soil nutrient conditions that have been established as optimal for cultivated rooibos.11,27



Table 2:Importance of variables as correlates of ecotype distributions. Variable importance is a mean of all 100 model runs and was derived from the variable permutation importance calculated in MaxEnt (measured as a percentage), where shades of red indicate high importance and blue low importance.














	
Variable


	
Species


	
Bush resprouter


	
Erect reseeder


	
Prostrate resprouter


	
Salignus reseeder







	
Maximum temperature in the warmest month


	
5


	
0


	
5


	
0


	
1





	
Minimum temperature in the coldest month


	
51


	
45


	
4


	
52


	
1





	
Precipitation in the warmest quarter


	
14


	
33


	
9


	
24


	
9





	
Precipitation in the coldest quarter


	
0


	
0


	
0


	
0


	
0





	
Soil electrical conductivity


	
4


	
4


	
22


	
4


	
7





	
Potassium


	
8


	
0


	
41


	
3


	
70





	
Sodium


	
0


	
1


	
0


	
0


	
0





	
Phosphorus


	
0


	
1


	
0


	
0


	
0





	
Carbon


	
2


	
7


	
12


	
16


	
7





	
Nitrogen


	
1


	
0


	
2


	
0


	
0





	
pH


	
5


	
0


	
4


	
0


	
3





	
Sand


	
8


	
1


	
0


	
1


	
0





	
Slope


	
1


	
7


	
1


	
0


	
1







 



Population size

Note that, because the population size estimates are based on the predicted distributions derived from distinct models, the population size estimate for the species as a whole does not equal the sum of those of the respective ecotypes (Table 1). The total population size estimated for A. linearis, based on the area of the predicted distribution range in conjunction with population densities recorded during our field surveys, ranges between approximately 15 million and 17 billion plants (Table 1). The population sizes estimated for the respective ecotypes range between approximately 3 million and 5 billion plants. The Prostrate ecotype was estimated to be most numerous, followed by the Bush type or the Salignus type, depending on the field density measurement considered (mean, minimum or maximum). The Erect ecotype thus had the smallest predicted range and the smallest estimated population size.

These estimates, however, need to be interpreted with circumspection, as the characteristics of the species’ distribution and abundance in the landscape significantly challenged attempts at estimating total population size. Some ecotypes, such as the Salignus type, was discernible amongst other vegetation due to its upright and tall growth form, making visual assessment of the distribution and abundance of plants reasonably achievable. With the Prostrate type, this was much more difficult. Throughout its range, wild rooibos exhibits a highly irregular, clumped distribution of populations scattered across the landscape, with populations typically occupying only a small part of seemingly suitable, homogeneous swathes of habitat (Gerhard Pretorius, personal observation). Moreover, there was very large variation in the size of populations (a few to tens of thousands of plants) and the density of individuals within populations (25 to almost 30 000 plants per hectare).9 Extrapolating such a vast range in densities across large areas is a crude exercise which may lead to substantial compilation of error. Furthermore, the population density surveys were typically done in areas where plants were dense enough for the population to be recognised from a moving vehicle, and sufficiently dense to enable recording of 50 individuals with reasonable survey effort. These constraints meant that surveys were focused on the higher end of the population density spectrum, which would have led to overestimation of population densities and, subsequently, of population sizes. In addition, population densities vary in space as well as in time, such as with fire frequency and post-fire vegetation age.9 The derived population size estimates thus apply to a particular point in time, and it should be assumed that the total population size of rooibos will vary in time in relation to the extent of different post-fire vegetation ages in its distribution range.

Considering the abovementioned complexities and extensive extrapolation inherent to the estimation of the population sizes of A. linearis and its ecotypes, realistically, population sizes are likely closer to the bottom end of the estimated ranges. Owing to the inherent characteristics of the species’ occurrence, more rigorous population size estimates would require systematic surveys of the species presence/absence in grid cells to determine variation in the density of populations across the landscape, in addition to widely replicated assessments of plant density within grid cells (within populations).

Extent of protection

More than a quarter (27%) of the predicted distribution range of A. linearis occurs within proclaimed protected areas on state or private land (Supplementary table 1). When considering the ecotypes separately, 28% of the Bush type’s predicted range occurs within proclaimed protected areas, 38% of the Prostrate type’s range, 20% of the Erect type’s range, and 33% of the Salignus type’s range. A third to more than a half (entire species 37%, Bush type 45%, Prostrate type 36%, Erect type 57%, Salignus type 39%) of these areas are represented by protected areas on state land. The species as a whole, and all the ecotypes, are thus well conserved.

Threats

At 40% of the population survey sites, no obvious threats to the study species were noted. Overharvesting or illegal harvesting was deemed a threat at 13% of the sites, but, generally, overharvesting and illegal harvesting were not found to be major threats to the wild resource.9 Land transformation was considered a threat at 28% of sites, but the terrain in many of these areas was unsuitable for rooibos cultivation, while legal regulations applicable to vegetation clearing may also deter further large-scale transformation. Overgrazing was deemed a threat at 4% of sites, but no direct evidence was found that overgrazing has led to severe degradation of habitat where wild rooibos occurs, or that it has caused mortality of wild rooibos plants. Invasive alien plants were considered a threat at 15% of the sites, virtually exclusively due to the presence of Cuscuta campestris (‘Dodder’), a parasitic climber. Although Acacia saligna and Acacia cyclops both commonly invade cultivated rooibos fields, the latter occurred at a single site, while no other woody invasive species were noted, suggesting that invasive alien plants do not pose a substantial threat to wild rooibos populations. Changing fire regimes and, in particular, too frequent and too severe fires, threaten the persistence of biodiversity in the Fynbos Biome generally28, but Kraaij and Pretorius9 argue that inappropriate or changing fire regimes are unlikely to threaten wild rooibos, on account of long fire return periods recorded in its range and the species’ ecological resilience to fire.

Climate change is predicted to severely affect the truly winter-rainfall, northwestern part of the Fynbos Biome29,30, which coincides with the distribution range of wild rooibos. Given that minimum winter temperatures proved to be the most important environmental correlate of A. linearis’ present distribution (Table 2), climate warming may be expected to have severe impacts on rooibos. During the population surveys, at least two wild rooibos populations appeared to have been negatively affected (widespread mortality) by unusually high rainfall during the preceding summer, which is consistent with the result that the species exhibits preference for low precipitation in summer (Table 2). It is known that rooibos, also in cultivation, requires well-drained soil and is susceptible to mortality if subjected to water-logged soils. If climate change results in more frequent episodes of extreme rainfall, as is expected, this phenomenon may threaten the well-being of the species. Lötter and Le Maitre19 modelled a potential range shift of wild A. linearis (without consideration of the respective ecotypes) under a scenario of climate change. They accordingly predicted a southeastward and upslope shift for the species, and, more encouragingly, showed that most of the areas where range expansion was indicated occur in existing conservation areas or include conservation-worthy vegetation. We did not repeat this type of assessment as these findings seem sufficiently current and informative to guide conservation efforts aimed at buffering potential effects of climate change on the species. However, distinctive modelling of potential climate change effects on each of the ecotypes would be instructive.

Hybridisation seems unlikely in wild rooibos as morphological differences between ecotypes are evidently maintained even where such types occur in close proximity.12 Isolation by distance, and geographical barriers such as mountains and deep river valleys, may play a role in gene flow in rooibos, limiting both pollination between sub-populations and seed dispersal by ants.18 Wild rooibos displays low to moderate genetic diversity, with populations becoming less diverse south of the Suid Bokkeveld toward the Cederberg, possibly indicative of clinal variation.18 Reseeding and resprouting populations evidently differ genetically.16,17 The distinctness of ecotypes suggests that seed dispersal is slow and that sub-populations are worthy of conservation.5,15,18

We found that the predicted distribution range of wild rooibos encompasses 4181 fields of cultivated rooibos (out of a total of >9000 fields in South Africa), although all these fields do not necessarily always have standing crops. Of the 146 verified current locations of wild rooibos in our study (Figure 1), 55 occur within 1 km of cultivated rooibos, while 17 of the 45 population survey sites9 occur within 1 km of cultivated rooibos (Supplementary figure 3). These are very crude approximations, but they suggest that, if hybridisation is genetically feasible, fewer than half of the populations of wild rooibos may be at some risk of hybridisation by virtue of occurring relatively close to cultivated plants. Conversely, wild populations also occur at sites remote from cultivation, as cultivation in the vicinity is impractical. At none of the population survey sites were cultivated plants observed interspersed with wild plants. It appears that cultivated plants do not persist very well, or reseed naturally, on old fields after cultivation has ceased. In the absence of a satisfactory infraspecific classification of the species12, it is not known to what extent the ecotypes can or do hybridise, but it may be fair to assume that hybridisation between resprouter and reseeder types is less likely than within resprouter or reseeder types. Accordingly, some specimens were observed during the current study that seemed intermediate between the Erect and Salignus types, as well as specimens intermediate between the Shrub and Prostrate types. Given that cultivated rooibos originates exclusively from the Erect ecotype12, the risk of genetic contamination is likely to be the highest for reseeder types and the Erect ecotype in particular. Overall, these pieces of ad hoc evidence imply that genetic contamination with cultivated forms is unlikely to pose a substantial threat to wild rooibos. On the other hand, considering that wild Cederberg reseeding populations are genetically distinct from the wild Northern Cape resprouting populations, appropriate management of wild resources and the establishment of a genetic conservation strategy for wild ecotypes are a priority.18

Conclusions

This assessment shows that, at a national scale, the distribution range of wild A. linearis is restricted and fragmented (totalling approximately 600 000 ha), but that the species is common within this range, with a crude estimate of the total population to be a minimum of 15 million plants. A large part (27%) of the species’ predicted distribution range, and of the respective ecotypes’ predicted ranges, occurs within proclaimed protected areas, suggesting that more than a quarter of the range (and total population, assuming even distribution throughout the range) of the species, and 20–40% of the ranges of the ecotypes, are managed for conservation, often on state land. Among the ecotypes, the Salignus and Prostrate types seem most secure, with the largest predicted distribution ranges and the largest portions of their ranges (33% and 38%, respectively) within proclaimed protected areas. The Erect type is least conserved (albeit still in a good state), with 20% of its range within proclaimed protected areas. Our evaluation of threats suggests that the long-term persistence of A. linearis in the wild is not significantly threatened by overharvesting or illegal harvesting, invasive alien plants, overgrazing, or inappropriate fire regimes. Potential genetic contamination of wild rooibos with cultivated varieties is also unlikely to pose a threat to all but perhaps the Erect ecotype, unless the cultivation footprint expands considerably. The extent to which land clearing for rooibos cultivation and potato farming is ongoing within the wild rooibos range has not been directly investigated here, but informal observations suggest that there are relatively few places where habitat transformation is likely to threaten wild rooibos populations at a considerable scale. Climate change probably constitutes the largest threat to wild A. linearis, with substantial range contractions predicted for the species, and limited options available for mitigation. Overall, our findings on the state of wild rooibos are promising for securing this biotrade resource in future, and of value for informing sustainable management, conservation status evaluations and sustainability assessments (including potential trade regulation)31, and in providing a baseline (in terms of assessment methods and actual data) for monitoring programmes to track the condition of the resource in the future32. With the current state of technology, it is unlikely that aerial imagery together with machine learning could replace and upscale field monitoring of the species, given the challenges involved in discerning the sparse and varied growth forms of the wild ecotypes among other fynbos (~fine-leaved) shrubs.
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We investigated cadmium (Cd) bioaccumulation in two limpet species, Scutellastra granularis and Siphonaria capensis, along the South African coastline from three sites: Namaqua National Park, West Coast National Park and Garden Route National Park. Significant spatial variations in Cd accumulation were observed, with the highest concentrations found in limpets from Namaqua National Park (S. granularis: 4.17±1.99 µg/g; S. capensis: 2.92±1.45 µg/g) despite having the lowest water Cd levels (0.13±0.07 µg/L). This suggests alternative Cd uptake pathways, such as dietary intake from contaminated algae or sediments. Additionally, larger limpets exhibited higher Cd concentrations, highlighting the importance of considering organism size in biomonitoring studies. The bioconcentration factor analysis further indicated significant site-specific differences, with the highest factor at Namaqua National Park (S. granularis: 32.59±15.62; S. capensis: 22.81±11.29). These findings highlight the relationship between environmental exposure and physiological traits in Cd bioaccumulation and the necessity for site-specific assessments and using multiple bioindicator species in environmental monitoring. This study shows the importance of continued research into long-term and spatial variations in metal bioaccumulation in marine ecosystems.

Significance:


	•
This study highlights Cd bioaccumulation in limpets, indicating potential pollution pathways.


	•
We have demonstrated that S. granularis and S. capensis can serve as bioindicator species for Cd monitoring.


	•
Results on spatial significance stress the importance of site-specific monitoring.


	•
Our results show that organism size matters in pollution assessments.


	•
There was no correlation between metal concentration in the water and that in the organism.









Introduction

Coastal regions across the world are subjected to significant metal pollution, resulting from agricultural and industrial activities.1 With over 70% of South Africa’s coastline inhabited, elevated anthropogenic pressures on the nearshore marine environment are becoming more prevalent.2 Metals naturally occur in the marine environment at low concentrations; however, due to increased anthropogenic pressures, coastal waters are becoming progressively vulnerable to a rise in metal pollution.3 Metals pose a considerable threat to marine ecosystems due to organism toxicity at low concentrations, environmental persistence and bioaccumulation ability.4 Bioaccumulation refers to the uptake process of organismal toxicants, such as chemicals and metals, through consumption of contaminated food or direct exposure, be it over short (acute) or long (chronic) periods.4,5 The degree of metal bioaccumulation is influenced by factors such as the metal bioavailability, the route of uptake, and sequestration or depuration of the toxicant.6 The greatest threat associated with metal bioaccumulation within the tissues of organisms is biomagnification in the higher trophic levels.7,8

Cadmium (Cd) primarily enters water bodies through industrial sources, including zinc (Zn) smelting, electroplating, fossil fuel combustion, plastics, pesticides and oil refining.9 Research on Cd has intensified globally due to its toxicity at low concentrations, and its ability to biomagnify through trophic levels, thus affecting humans.1,10-18 Cadmium accumulation occurs in organisms primarily via ingestion, as the metal ions are poorly soluble in water, binding to suspended particulate matter in the ocean, which is ingested and absorbed by filter-feeding organisms.4 Local studies have demonstrated that gastropods, such as limpets, accumulate metals and can serve as potential bioindicator species.19,20 Despite the variety of bioindicator species used in South Africa, information on the responses of limpets to metals in the marine environment is limited.

A commonly used approach for environmental biomonitoring is quantifying pollutant loads in organisms that bioaccumulate.21 Metal concentrations in tissues depend on the uptake, excretion and metabolic capacity to either degrade and/or transform these toxic pollutants.21 The use of a single bioindicator species when determining metal pollution is not ideal because certain metal concentrations may differ from one species to another.22 Therefore, different species inhabiting different coastal zones need to be assessed. Recent studies include using the invasive Mediterranean mussel (Mytilus galloprovincialis) and endemic brown mussel (Perna perna) along the southern and east coasts of South Africa.3,23-25 Limpets were selected for this study due to their wide distribution, feeding behaviour, being reasonably sessile, and distinct ability to tolerate environmental challenges, making them a key study organism when looking at the effect of environmental changes on intertidal organisms.19,26 The limpets Scutellastra granularis (Linnaeus 1758), a prosobranch found high on the shore, and Siphonaria capensis (Quoy and Gaimard 1833), a pulmonate gastropod found in pools and on emergent mid-shore rocks27,28, were selected to investigate the variation in Cd uptake and bioaccumulation across key sites along the South African coastline. These species of limpet were used to investigate Cd bioaccumulation due to their different phylogenies (i.e. pulmonate versus patellogastropod) and associated tidal heights along their sympatric distribution in South Africa.

In this study, we describe the spatial patterns of Cd concentrations in South African coastal waters using S. granularis and S. capensis as quantitative bioindicators. We investigated the effect of weight and size on Cd bioaccumulation. Spatial patterns for each species were used to compare Cd concentrations in water and tissue samples with inferred bioconcentration factors, and these are discussed in terms of background (environmental) concentrations and their sources.

Materials and methods

Site selection and animal collection

The study took place in three marine protected areas, chosen in a west–east direction along the South African coastline. The South African coastline is a dynamic environment surrounded by two major ocean currents bringing contrasting environmental conditions.29 The west coast is a cool temperate ecoregion influenced by the Benguela Current that transports cold nutrient-rich water, whereas the southern coast is classified as warm temperate and influenced by the warm water Agulhas Current.27-30 Sites selected were two from the west coast: the Namaqua National Park (NNP; 30º51’31.8’’S, 17º34’31.1’’E) in the Northern Cape and the West Coast National Park (WCNP; 33º8’56.2’’S, 17º59’57.9’’E) in the Western Cape; and the Garden Route National Park (GRNP; 34º01’14.9”S, 23º52’26.7”E) in the Eastern Cape from the southern coast ecoregion of South Africa (Figure 1). Field fresh samples of similar size (total shell length) were collected from all three sites (Σn = 3 sites x 2 species x 10 individuals (replicates) = 60) in January 2020 (Supplementary tables 1–8). The number of individuals collected was determined by both the University of Johannesburg Animal Ethics Committee (2019-06-10/Greenfield_Connell) and the SANParks permitting office (permit number CRC/2020-2021/005--2017/V1). Organisms were collected during low tide (at first daylight). Organisms were carefully removed from the rock surface using either a spatula or by hand and only undamaged individuals were selected. Individuals were classified as undamaged when there was no visible damage on the shell or foot. Field fresh samples collected at each site were flash frozen in liquid nitrogen (–196 ºC) and stored at −20 ºC for subsequent baseline metal analysis. Water samples (Σn = 3 sites x 3 water samples (replicates) of 50 mL each = 9) were collected from each site (one sample per day of sampling) and stored at −20 ºC for background metal analysis. During collection of water samples, physicochemical parameters (temperature [ºC], pH and salinity [PSU]) were recorded using a Thermo Scientific Eutech Elite PCTS multi-parameter meter.
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Figure 1: Map of sampling localities along the west and southern coasts of South Africa. Localities include Namaqua National Park (NNP) and the West Coast National Park (WCNP) along the west coast, and the Garden Route National Park (GRNP) along the southern coast.



Bioaccumulation analysis

Sample preparation and digestion

The water samples (50 mL) were stored in 50-mL Falcon Centrifuge Tubes and filtered using a Millipore sintered glass filtration system (Merck, South Africa) through a gridded cellulose nitrate membrane filter (type 114, 0.45 µm). Samples were acidified to 1% with Suprapur® nitric acid (63.01 g/mol HNO3; Merck, South Africa).

Whole organism tissue was removed from the shell using a spatula before metal accumulation analysis in accordance with the methods outlined by Boss and Fredeen31 and Gaines32, and adapted from Erasmus et al.29 Frozen samples were weighed (± 0.01 g) to obtain a wet weight, after which the samples were freeze dried (–50 ºC at 0.61 mbar) for 48 h using the Martin-Christ LDplus Freeze Dryer (Christ Freeze Dryers, Niedersachsen, Germany). The freeze-dried (whole organism) samples were weighed to obtain a final dry weight, in which the weight was normalised using the bioconcentration factor calculation, before being digested using the MARS 6 One Touch Technology Microwave (CEM, Charlotte, NC, USA). Before digestion, the Teflon bombs used during processing were cleaned and dried in accordance with the cleaning method, using standard grade HNO3 (Merck, South Africa) and hydrogen peroxide (H2O2; Merck, South Africa). Standard reference material (SRM; mussel tissue – 2976, 109% recovery), as well as the freeze-dried samples, were individually added to each Teflon bomb along with 5 mL Suprapur® 65% HNO3 (Merck, South Africa). After digestion, the samples were allowed to cool, before being placed in 15-mL Falcon tubes. Samples were gravimetrically diluted using double distilled water (18.2 Ω) to a total volume of 10 mL.

Inductively coupled plasma mass spectrometry

Water (diluted by a factor of 10) and tissue samples were analysed using a PerkinElmer NexION® 300 series inductively coupled plasma mass spectrometer (ICP-MS) (PerkinElmer, Waltham, MA, USA). The ICP-MS was calibrated using 0, 0.01, 0.1 and 1 ppb calibration standards, made using the appropriate dilutions from a 100 ppm Cd stock solution (100 mg/L). An internal standard (iridium – 193) was added to each water and tissue sample (100 ppm) before analysis for quality assurance, along with a standard reference material (mussel tissue – 2976), to ensure sufficient recovery and that no drifting occurred during the analysis.

Bioconcentration factor

The bioconcentration factor (BCF) was determined according to the method of Abel33. This method determines the ratio between the Cd concentration in organisms and water samples (COrganism dry weight/CWater), where the COrganism dry weight (μg/g dry weight) and CWater (μg/L) are the fractions of the element within the organism and the environment (water). The median concentration values of the element present in each organism and the water were used to calculate the BCF.

Statistical analysis

Statistical analyses were conducted using RStudio (v. 4.0.3). All data met the assumptions of normality and homogeneity of variance, following Levene’s and Shapiro–Wilk tests, respectively.34 Following testing of assumptions, one-way analyses of variance were performed on Cd concentration in water samples (factors: site, three levels and fixed, significance set at p < 0.05), Cd concentration in tissue samples (factors: site, three levels and fixed, significance set at p < 0.05), and bioconcentration factor (factors: site, three levels and fixed, significance set at p < 0.05) for each species. Where there were significant factors, a pairwise comparison was performed using Tukey’s honestly significant difference test.34 All statistical analyses were performed using the car and tidyverse packages in RStudio.35,36 Barplots (±SEM) were created using the ggplot2 and plyr packages in RStudio.37,38

Results

Environmental water quality parameters

The physicochemical parameters – temperature (ºC), pH and salinity (PSU) – that were measured in situ at the three sites are shown in Table 1. The measured parameters showed great variation across the sites between sampling periods at each site (high SD values) as well as among the sites themselves. Temperature showed significant variation across sites (F(2,8) = 91.5, p = 3.2e–05). Water temperature was significantly higher at GRNP than at both west coast sites (NNP and WCNP, Table 1). Water temperature also varied significantly between the two west coast sites (NNP and WCNP), with significantly lower temperatures recorded at NNP. All other water quality parameters (pH and salinity) were not significantly different across the three sites (p > 0.05, Table 1).



Table 1:Mean (±SD) water quality measures taken in situ at each sampling site during each day of sampling (n = 3)



	 	Namaqua National Park
	West Coast National Park
	Garden Route National Park

	Temperature (ºC)
	16.18 ± 2.01ab
	16.47 ± 0.06ac
	19.40 ± 0.17bc

	pH
	8.01 ± 0.10
	7.06 ± 0.69
	7.71 ± 0.31

	Salinity (PSU)
	33.17 ± 1.17
	38.33 ± 2.52
	35.33 ± 3.21




Common superscripts indicate statistically significant differences in water quality parameters across sites (p < 0.05)





Cadmium concentrations versus weight and size

Cadmium concentrations in whole body tissues (without shell) were plotted against the wet weight (g) and size (mm) for both species of limpets, S. granularis and S. capensis; the results are illustrated in Figure 2A (weight) and 2B (size). Concentration of Cd in whole body limpets showed no significant change with increasing weight of either species (F(3, 56) = 0.0482, p = 0.986; Figure 2A). With increasing weight, both S. granularis and S. capensis showed no significant change in their individual Cd concentrations, with R2 values of 0.001 and 0.002, respectively. In contrast, concentration of Cd in whole body limpets showed a significant change with increasing size (F(3, 56) = 5.347, p = 0.003; Figure 2B). Both S. capensis and S. granularis showed increases in Cd concentrations with an increase in size.  S. capensis showed a slightly stronger correlation between size and concentration than S. granularis (R2 = 0.26 and R2 = 0.20 respectively).
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Figure 2: General linear model showing the relationship between cadmium concentration (μg/g) and the weight (A) and size (B) of Scutellastra granularis and Siphonaria capensis.



Cadmium concentration in water from the southern and west coasts

Cadmium concentrations within water samples collected at each respective site during the sampling of S. granularis and S. capensis are shown in Figure 3. No statistically significant differences in Cd concentrations were present in water samples between the three sites (F(2, 8) = 1.837, p = 0.239; Figure 3, Supplementary table 3), with the concentration ranging from 0.13 μg/L at NNP on the west coast to 0.24 μg/L at GRNP on the southern coast.
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Figure 3: Mean (±SEM) levels of cadmium in water samples (n = 3 per site) collected from Namaqua National Park (NNP), West Coast National Park (WCNP) and Garden Route National Park (GRNP).



Cadmium concentrations in field-fresh S. granularis and S. capensis

The measured concentrations of Cd in both S. granularis and S. capensis are presented in Supplementary table 6 and Figure 4A. Cd concentrations from whole body S. granularis tissue were significantly different between sites (F(2, 29) = 11.978, p = 0.0002; Supplementary table 6). At NNP, S. granularis accumulated significantly higher concentrations of Cd than at both other sites, WCNP and GRNP (Figure 4A). A similar trend was observed in S. capensis, which showed spatial variances in Cd concentrations across all three sites (F(2, 29) = 9.522, p = 0.0007; Supplementary table 6). Limpets collected from NNP had significantly higher Cd concentrations (p < 0.01) than those collected and analysed from the WCNP (Figure 4A). Dissimilarly, along the southern coast at GRNP, S. capensis had the highest Cd concentrations out of the three sites, being significantly higher than at WCNP (p < 0.001).
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Figure 4: (A) Mean (±SEM) levels of cadmium in Scutellastra granularis and Siphonaria capensis (n = 10) collected from Namaqua National Park (NNP), West Coast National Park (WCNP) and Garden Route National Park (GRNP). (B) Bioconcentration factor variation in S. granularis and S. capensis (n = 10) using cadmium concentrations in water and tissue samples collected from each site (NNP, WCNP and GRNP).



A redundancy analysis (RDA) triplot is shown in Figure 5. Individual S. granularis and S. capensis from each site are represented by ellipses (encompassing 95% of the sample area), with environmental variables depicted as arrows indicating their direction and strength of influence. The RDA explains 62.58% of the total variation in Cd bioaccumulation attributable to environmental variables, with RDA 1 (x-axis) accounting for 37.20% and RDA 2 (y-axis) for 25.38% of the variance in bioaccumulation.
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Figure 5: Redundancy analysis (RDA) triplot showing bioaccumulation of cadmium (Cd) in Scutellastra granularis and Siphonaria capensis and the effect of environmental variables (drivers). Sites and species are represented by ellipses and drivers (environmental variables) by arrows. The ellipse for each group is set to 95% inclusion. The triplot explains 62.58% of the variation, with 37.20% on the x-axis (DRA 1) and 25.38% on the y-axis (RDA 2).



The plot indicates that temperature, pH and limpet size (length) are the strongest positive drivers of Cd bioaccumulation in both species in GRNP along the southern coast. Both S. granularis and S. capensis from GRNP exhibit the largest ellipses, indicating greater individual variation in bioaccumulation levels. In contrast, individuals from WCNP show tighter ellipses, reflecting less variation in bioaccumulation. For these populations, weight and Cd concentration in water are the most influential positive drivers, suggesting a strong relationship between individual weight and Cd bioaccumulation. Finally, both species from NNP display the tightest ellipses, indicating minimal intra-site variation in bioaccumulation. Bioaccumulation is also positively influenced by pH and size (length) and negatively influenced by salinity and Cd levels in water.

Bioconcentration factor of cadmium in S. granularis and S. capensis

The results obtained show the BCF of Cd in both S. granularis and S. capensis and are presented in Supplementary table 8 and Figure 4B. Spatial differences in the BCF of Cd in S. granularis were significant (F(2, 29) = 20.120, p < 0.001). As seen in the Cd concentrations of S. granularis, the BCF spatial variance showed the same pattern. S. granularis from NNP showed the greatest BCF, differing significantly from those from both WCNP and GRNP (p < 0.001, Figure 4B). No difference was observed in the BCF of S. granularis between WCNP and GRNP (p > 0.05). Unlike in the Cd concentrations observed in S. capensis (Figure 4A), a dissimilar trend was observed in the BCF values across sites, although significant spatial differences were observed (F(2, 29) = 7.86, p = 0.002; Figure 4B, Supplementary table 8): S. capensis from NNP exhibited the greatest BCF, differing significantly with limpets sampled from WCNP (p < 0.01, Figure 4B). No other significant spatial differences were observed in S. capensis between NNP and GRNP, nor between NNP and GRNP (p > 0.05, Figure 4B).

Discussion

While metal contaminants occur naturally in the marine environment at low concentrations, anthropogenic influence on the marine environment has exacerbated the situation.39,40 The results from this study reveal significant bioaccumulation of Cd in two limpet species, S. granularis and S. capensis, collected from different coastal regions in South Africa. Comparing Cd concentrations in both limpet species to that found in water samples analysed indicates that Cd is strongly accumulated in both species from their respective surrounding environments, as indicated from the BCF results. Cadmium is known as a toxic metal, even at low concentrations, and as such is considered non-essential for biological function. Metalloproteins such as metallothionein are produced and upregulated in limpets as a response to cadmium-induced oxidative stress, serving as a protective mechanism against metal toxicity.11,13,41 Potential sources of Cd in the marine environment come from the emissions of industrial combustion processes, metallurgic industries, road transport, and waste streams, all of which occur along the west and southern coasts of South Africa.20,29,42,43 Water samples analysed for Cd showed variation between the southern coast site (GRNP) and the two west coast sites (NNP and WCNP). Studies conducted by Reinecke et al.19,41 indicated Cd concentrations along the South African coastline varied considerably spatially and temporally. Degger et al.40 measured unexpectedly high metal concentrations (Cd and Zn) in brown mussels (P. perna) along the southern coast at Tsitsikamma National Park (within GRNP) compared to localities with known anthropogenic activities and influence (such as WCNP). High concentrations of metals in the study by Degger et al.40 follow a similar pattern shown in the data from the present study (both the water and organisms). This is indicative of long-term exposure, resulting from freshwater input through geogenic weathering and frequent upwelling that occur along South Africa’s southern coast.29 S. capensis showed the greatest Cd accumulation at Namaqua National Park (NNP), with both species having the greatest metal uptake at this site despite lower Cd concentrations in the corresponding water samples. Additionally, these limpets possess physiological traits that enhance Cd retention, such as slower excretion rates or higher binding affinities in tissue proteins.21,44 This finding suggests similarity with previous studies, indicating that bioaccumulation in marine organisms occurs through various pathways, including dietary intake and sediment interaction.4,29

The BCF indicated Cd had been accumulated in whole tissue samples of S. granularis and S. capensis in comparison to the concentration of Cd in the environment.33 Whole tissue samples of both species varied significantly in their accumulation of Cd in relation to their sampling site. This accumulation, however, does not correlate with Cd concentrations from water sampled. Interestingly, despite higher water Cd levels at GRNP, the BCF was highest at NNP for S. granularis, suggesting species-specific and site-specific bioaccumulation dynamics, seasonal and exposure level variation.45 High Cd concentrations at GRNP, as discussed previously, are a direct result of both the freshwater input from geogenic weathering in the region and from upwelling events that are known to occur along the southern coast of South Africa at GRNP.29,40 The significantly high BCFs at NNP are a direct result of the significantly high concentrations of Cd detected in whole tissue samples of S. granularis and S. capensis, despite the lower concentrations of Cd in the water. This result is indicative of either a short-term but high-dose exposure to Cd or a different means of uptake in both limpet species other than directly from the water column.40,46 Elevated metal levels along the west coast, observed at NNP and WCNP, are a direct result of the mining and port activities, as well as the iron and crude oil facilities in the surrounding areas, which lead to elevated pollution of local coastal waters, affecting the inhabitants of these waters.20,29,42

The anatomy and physiology of the limpets is also known to play a primary role in the uptake and accumulation of metals. Difference in body size of individuals of the same species has been shown to result in varying metal tissue concentrations.22,29,47,48 The size of marine ectotherms is related to their metabolic activities in relation to their life history stage.8 Various metals, such as copper, iron and zinc, in moderate concentrations, are essential to an organism’s growth and development; however, non-essential metals such as Cd lead to reduced growth and development, even at low concentrations.8 Limpet size was positively correlated with tissue Cd concentration, indicating that larger individuals tend to accumulate more Cd, potentially due to prolonged exposure and greater overall uptake over time.8,48 This size-related bioaccumulation trend has been observed in other marine invertebrates and highlights the importance of considering organism size in biomonitoring studies.19,49

The physiological and anatomical differences between S. granularis and S. capensis likely contribute to the observed differences in Cd bioaccumulation. S. granularis, a prosobranch, and S. capensis, a pulmonate gastropod, exhibit distinct respiratory and excretory mechanisms that influence metal uptake and storage.44 Pulmonate gastropods, such as S. capensis, exhibit higher rates of metal accumulation due to their ability to absorb metals through their foot and mantle cavity, in addition to dietary intake.21,44 Comparative studies have shown that bioaccumulation patterns in marine organisms can vary widely based on local environmental conditions and the species involved. Research on the brown mussel (P. perna) has demonstrated significant spatial variation in metal concentrations along the South African coastline, similar to the patterns observed in this study.40 These findings underscore the importance of site-specific assessments and the use of multiple bioindicator species to accurately gauge environmental metal pollution levels.20,21

Conclusion

This study provides insight into the spatial patterns of Cd bioaccumulation in two limpet species, S. granularis and S. capensis, along the South African coastline. The findings from both limpet species showed significant spatial variation in Cd accumulation, with S. granularis having the highest Cd levels at NNP despite lower Cd concentrations in corresponding water samples. This suggests alternative pathways for Cd uptake, such as dietary intake from contaminated algae or sediments. Additionally, larger individuals from both species exhibited higher Cd concentrations, likely due to greater exposure duration, emphasising the importance of considering organism size in biomonitoring studies. The BCF analysis further indicated that the BCF of Cd in S. granularis and S. capensis was highest at NNP, highlighting the complex interplay between environmental exposure and physiological traits in Cd bioaccumulation. These findings emphasise the need for site-specific assessments and the use of multiple bioindicator species to effectively assess environmental metal pollution levels in marine ecosystems. Future research should focus on the long-term monitoring of these species across a greater seasonal and spatial gradient, and the exploration of additional environmental factors influencing metal bioaccumulation.
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The brown hyena (Parahyaena brunnea) is inherently challenging to study owing to its secretive nature and nocturnal activity. Available literature predominantly examines the dietary overlap with co-occurring predators, emphasising the species’ ecological role as a scavenger, whilst research focused on the species’ spatio-temporal behaviour remains limited. To address this gap, we used camera-trap data from a survey conducted in southern Namibia to investigate the effects of different biotic and abiotic factors on the species’ occupancy and detection probability, as well as the activity rhythm and temporal overlap between P. brunnea and other co-occurring species, including humans. Brown hyena’s occupancy and detection probability were mainly shaped by environmental factors. The species showed a preference for the upper plateau and was more easily detected in secondary canyons leading to the uplands. Human activity did not influence occupancy, although we detected a clear temporal partitioning. Brown hyenas were most active during the central hours of the night, with a single broad activity peak suggesting increased foraging effort, independent of leopard activity patterns. This study represents the first fine-scale investigation of brown hyenas’ spatio-temporal behaviour within the Fish River Canyon. Our findings effectively reduce the knowledge gap on brown hyenas’ spatial niche and activity within arid inland ecosystems of southern Namibia, characterised by the absence of larger predators, such as lions (Panthera leo) and spotted hyenas (Crocuta crocuta), and scarcely affected by human disturbance.

Significance:

As a near-threatened and understudied species, the brown hyena represents an ideal candidate for investigating the spatio-temporal activity of a large carnivorous species in a complex arid ecosystem. Findings from this study fill the knowledge gap on the species ecology in inland desert ecosystems with unstable food availability and highlight the importance of accounting for different abiotic and biotic factors when investigating highly adaptable elusive species. Moreover, we advise that conservation and management programmes account for both sympatric predator and prey species when planning conservation strategies, considering that the ecological role of brown hyenas may vary.






Introduction

In southern Africa, biodiversity is declining proportionally to human expansion.1 Historically, carnivore decline has been particularly pronounced in the region, with species from the Hyaenidae family experiencing the most significant losses.2 Currently, these species face various threats, with habitat loss and human-wildlife conflict amongst the main factors threatening population survival.3

Among the Hyaenidae family, the brown hyena (Parahyaena brunnea) is globally classified as Near Threatened by the International Union for Conservation of Nature (IUCN).4 Its estimated population ranges between 4365 and 10 111 mature individuals, and the overall population trend is considered stable. Over the last century, the species has significantly reduced its historical geographical range.5 Currently, P. brunnea is extant in Angola, Botswana, Namibia, South Africa and Zimbabwe4, with Namibia alone hosting nearly one-third of the species’ global population3. Although the local population trend is deemed stable, the species faces various increasing anthropogenic threats across the country.3,5

Brown hyenas are inherently challenging to study owing to their secretive nature and nocturnal activity6, which often results in the species being overlooked in wildlife research. Compared to other co-occurring large carnivores such as leopards (Panthera pardus) and spotted hyenas (Crocuta crocuta), brown hyenas have been scarcely studied7, despite growing pressure to prioritise conservation efforts towards the species3,4.

Several contemporary studies on brown hyena focus on the dietary overlap between the scavenger and co-occurring predators.8-10 Research focused on spatio-temporal activity, specifically occupancy analysis, is still widely overlooked, with inconsistent results about the effect of biotic and abiotic factors shaping the species’ habitat requirements.11,12 Several studies have reported a positive relationship between the presence of brown hyenas and other sympatric large carnivores8-10,13, as expected by the hyena’s trophic role as a scavenger seeking feeding opportunities in leftover carcasses and its tendency to kleptoparasitise kills6. Although there is some evidence to sustain these conclusions, it is essential to underline that (1) these studies6,8-11,13,14 have been conducted in different ecological contexts with different carnivore guild compositions, and (2) the brown hyena’s spatial ecology is, to the best of our knowledge, still largely understudied.

In Namibia, most studies on brown hyenas have been performed along the coast and in northern and central continental regions.14-16 Considering the ecological plasticity of brown hyenas6,17, gathering data along its geographical range to understand their adaptability to various ecological contexts is of paramount importance.

In this study, we explored the spatio-temporal activity of the brown hyena through a camera-trapping survey conducted in the Fish River Canyon, Namibia. This area, although within the distribution range of the species4, has not been recorded as part of the range in the most recent distribution assessment3. The species persists in neighbouring properties; however, the general area marks the limit of the recorded national distribution range of the brown hyena.3 In this context, understanding the species spatio-temporal behaviour is crucial for obtaining insights into its habitat requirements and interspecific interactions. This knowledge will aid in detailing accurate conservation strategies, ultimately facilitating a future dispersion to the east.

Specifically, we aimed to (1) determine the influence of environmental, biological and anthropogenic factors on brown hyena’s occupancy and detection probability, (2) investigate the activity rhythms and temporal overlap between brown hyena and leopard, selected potential prey species (i.e. springbok (Antidorcas marsupialis) and Leporidae (i.e. Lepus capensis and Pronolagus sp.))8,14,18, and humans.

We predicted that the brown hyena’s occupancy probability would be positively affected by the leopard’s relative abundance, reflecting the positive interaction between these two species.11 Accordingly, we anticipated significant overlap in the activity patterns of the two predators as brown hyenas actively seek scavenging opportunities from leopards.8 We also expected that the relative abundance of prey species would positively affect brown hyena’s occupancy probability, as they might seek feeding opportunities through scavenging and kleptoparasitism.6,8,10 We predicted low temporal overlap between predators and prey, reflecting a common anti-predatory strategy.19 As for anthropogenic disturbance, we predicted a negative impact on brown hyena’s occupancy probability along with a low temporal overlap with humans on foot and vehicles, given the elusive nature of the species and the already known negative effects induced by human presence.11,20 Furthermore, we included key habitat and topographical indexes in the analysis to account for the environmental complexity of the study area (i.e. the clear ecological and geographical gradient between upland and lowland areas). As the effect of environmental variables on brown hyena’s occupancy probability greatly depends on habitat types12, we predicted an uncertain directional effect of Topographic Position Index (TPI), Topographic Ruggedness Index (TRI) and elevation. Finally, for Topographic Wetness Index (TWI), we anticipated a positive effect, as brown hyenas use drainage lines for movements across areas.21

Materials and methods

Study area

The study was carried out in the Canyon Nature Park (−17°35’E; 27°26’N, datum WGS84; hereafter CNP), a privately owned protected land located within the Greater Fish River Canyon landscapein southwest Namibia (Figure 1). The property covers an area of approximately 450 km2, neighbouring the /Ai-/Ais Richtersveld Transfrontier Park along its southwestern and southeastern boundaries, and five privately owned farms. From its foundation in 1995, CNP has been dedicated to sustainable tourism, wildlife conservation and research practices. Human activities are restricted to a few ecotourism vehicles, trekking parties and field researchers. The property can be divided into two topographically distinct areas (i.e. the upper plateau and the main canyon) separated by an elevation gradient ranging from 400 m to 500 m. The area encompasses several mountain ridges, rocky outcrops, plains, riverbeds and drainage lines. The mean annual rainfall varies in the range 0–100 mm, with average annual temperatures ranging from 16 °C to 20 °C.22 The flora of the region is dominated by formations of dwarf shrubs interspersed with woody vegetation along riverbeds and kloofs, reflecting the typical landscape of the Nama Karoo biome, which covers the northern areas of the Greater Fish River Canyon landscape.22
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Figure 1: Map of the study area and camera trap locations. Inset: Location of Canyon Nature Park (CNP).

Source: Digital elevation model downloaded from RCMRD Open Data Site31, which is made available under the Open Database Licence (https://opendatacommons.org/licenses/odbl/1-0/).



Because of the previous extensive small-stock farming and hunting practices, the mammalian diversity, especially the carnivore guild, has been severely altered during the last century with the eradication of larger predators such as lions (Panthera leo) and spotted hyenas, and the indirect killing of scavenging species through poison and non-selective traps.23 However, a consistent recovery of mammals has been taking place since multiple protected areas were established, forming the Greater Fish River Canyon landscape. To date, the carnivore guild within CNP consists of leopards, cheetahs (Acinonyx jubatus), brown hyenas, aardwolves (Proteles cristata), black-backed jackals (Lupulella mesomelas), African wild cats (Felis lybica), caracals (Caracal caracal), honey badgers (Mellivora capensis), small-spotted genets (Genetta genetta), Cape foxes (Vulpes chama), striped polecats (Ictonyx striatus), and Cape grey mongooses (Herpestes pulverulentus).

Data collection

From May to October 2023, 42 camera traps were placed in the field: 36 Wosports Mini Trail and 6 Bolyguard SG520. Camera traps were located at a minimum distance of 2 km from each other to guarantee the independence of each site while taking into account the home range size of the target species.24 The total sampling area covered about 302 km2, calculated through the minimum convex polygon.

Owing to the expected low density of the target species, detection probability was maximised by preferentially placing cameras along game paths, forced passages, marking spots, roads, riverbeds, natural springs and artificial waterholes.24 To include the topographical variability of the study area in the sampling design, cameras were evenly distributed between the plateau and the canyon areas. Cameras were placed at 30–40 cm above ground and at a 2–4 m distance from the target spot, and secured with straps on rocks or trees, following the protocol for medium- to large-sized mammals.24 All cameras were set to operate 24 h per day, recording a sequence of three pictures with a 5-min interval between bursts. Camera sites were checked every 26–30 days to download data, check functionality, and replace the rechargeable batteries.

Data analysis

All the analyses were performed in the software R (v. 4.3.2).25 Filtering of photos and species identification were performed manually. To reduce pseudoreplication bias, all observations of the same species at the same site, which were spaced less than 15 min between each other, were collapsed into one single event, defined as ‘independent detection’.24 All images were filtered to obtain an all-species data set of independent detection events using the ‘camtrapR’ package in R.26

The naïve occupancy and the Relative Abundance Index (RAI)27 were calculated for all species across sites, and site-by-site for biological and anthropogenic covariates. The naïve occupancy was calculated as the number of detection/total number of camera sites, while the RAI was calculated as follows:

RAIi= n detection sampling effort ×100 camera nightsEquation 1

where i represents the ith species, sampling effort is the total number of camera-trap days at each camera site, n detection is the sum of the independent events for the target species at the corresponding site, and 100 camera trap nights is a unit of standardisation for data comparison.

A binary matrix of detection/non-detection events (i.e. 0 = non-detection, 1 = detection) was created for the brown hyena for each camera site and day (i.e. 24-h camera activity). Thereafter, the data set was discretised by grouping the camera days into sampling occasions of five consecutive days each.19 To assess the species occupancy and detection probability, we ran single-season single-species occupancy models28 implemented in the ‘unmarked’ R package29. Because many mammalian species exhibit seasonal patterns in their behaviour in relation to changing environmental/ecological conditions and because data were collected during one season (i.e. the dry season), the closure assumption of occupancy models was not violated. Therefore, findings were interpreted in terms of probability of occupancy.28 To account for the unbalanced sampling effort among cameras, the variable ‘sampling effort’ was included in the occupancy models as a survey covariate to explore its effect on the detection probability. As the number of brown hyena’s detections was limited, and to avoid overfitting, we restricted the number of site covariates for each occupancy model.

Three key categories of site covariates were selected for the analysis: environmental/topographical, biological and anthropogenic. To encourage the maximum likelihood estimate of parameters, all covariates were standardised at z-scores using the mutate_at function in the ‘dplyr’ package.30

Environmental covariates were extracted using the QGIS (v.3.28.0) open access software and SAGA GIS (v.7.8.2). Covariates were extracted starting from the Namibia digital elevation model31 Shuttle Radar Topographic Mission, at 30 m spatial resolution, using the geoprocessing tools found in the SAGA NextGen Processing provider (9.1.0).

Covariate selection was made based on the information reported in the available literature6,11,17,20,32 and the ecological needs of the target species. Four suitable environmental covariates were selected to test the occupancy probability: (1) elevation, (2) TPI, calculated as the difference in elevation between a central pixel and the mean of its surrounding cells33, (3) TRI, which conveys the amount of elevation difference between neighbouring cells of a digital elevation model, a proxy for topographic heterogeneity34, and (4) TWI, which conveys the relative wetness or moisture conditions of a landscape based on its topography35.

Biological and anthropogenic covariates were calculated as RAIs at each camera site. The leopard was included as a sympatric top predator. Cheetahs were excluded from the analysis as the number of detections was too low to be included as a covariate (Supplementary table 1). Springbok were selected among other larger herbivores as they were the most abundant prey species (Supplementary table 1). Leporidae was selected to include prey species that fall within the weight range of reportedly hunted species.14,18 Anthropogenic disturbance was divided into ‘humans’ (i.e. people on foot such as trekkers, maintenance workers, staff, researchers) and ‘vehicles’ (i.e. staff and maintenance cars, game drives) to account for the species sensitivity towards different human activities.11,20 Predicted effects of covariates on brown hyena’s occupancy probability are summarised in Table 1.



Table 1:Environmental, biological and anthropogenic covariates included in the occupancy models



	Covariates
	Predicted effect on occupancy probability
	Rationale and supporting literature

	Elevation
	Uncertain
	Has been related to brown hyena’s occupancy with controversial results in different study areas.17

	Topographic Position Index
	Uncertain
	Conveys information about fine-scale topographical features that characterise the Fish River Canyon system. No literature is available on the effect on brown hyena’s spatial ecology.

	Topographic Wetness Index
	Positive
	Indicates riverbeds and drainage lines with thicker vegetation used as ecological corridors by the brown hyena.21 As a proxy for soil moisture, it can also be used to infer the presence of water sources that might influence brown hyena spatial ecology36 during the dry season.

	Topographic Ruggedness Index
	Uncertain
	Conveys information about fine-scale topographical features that characterise the Fish River Canyon system. No literature is available on the effect on brown hyena’s spatial ecology.

	Leopard
	Positive
	Sympatric top predator, potentially providing food items for the brown hyena and often defined as a key species for the brown hyena’s presence.8

	Springbok
	Positive
	The most abundant prey species in the area, and brown hyenas are known to select food items based on availability.8 A species falling within the weight range of brown hyena’s prey preference.8,14

	Leporidae
	Positive
	Possible prey species, falling within the weight range of species reportedly hunted by brown hyenas.14,18

	Vehicle
	Negative
	Anthropogenic disturbance, negatively affecting brown hyena’s presence.20

	Homo sapiens
	Negative
	Anthropogenic disturbance, negatively affecting brown hyena’s presence.11





Multicollinearity among covariates was tested through the Variance Inflation Factor (VIF), implemented in the ‘usdm’ R package37, with a VIF≥3 considered to indicate severe collinearity38. The null model was created by keeping both detection probability (p) and occupancy probability (Ψ or psi) constant, to explore the contribution of each covariate in the overall model performance. The most parametrised single-season single-species occupancy models for both occupancy and detection were created by maintaining Ψ and p constant, respectively (Supplementary table 2). Covariates were divided into key categories and tested separately for Ψ and p to avoid model overfitting. Consequently, detection and occupancy models were tested for environmental, biological and anthropogenic covariates.

All complex models were tested for goodness-of-fit using the parboot function implemented in the ‘unmarked’ R package29 based on the chi-square statistic, to reproduce the parametric bootstrap method for fitted models set at 1000 replicates. These models were then simplified following the principle of parsimony by removing non-significant covariates at each step.

Model selection was based on the Akaike Information Criterion (AIC)39 and ΔAIC40 using the model.sel function implemented in the ‘MuMln’ R package41. For both detection and occupancy, models were ranked according to their AIC value against the null model. Models with ΔAIC<2 were considered as competitors for the best model.42 Best model selection was then performed based on the Akaike’s weight (ωi), which represents the amount of variance described by the top-ranking model compared to all other models.40 Finally, covariate weights were calculated by summing Akaike weights across all models in which a covariate appeared, following Burnham and Anderson40.

We analysed the temporal activity patterns and overlaps for each pair of target species only when more than 20 independent observations per species were collected.43 Temporal activity patterns were analysed using the R package ‘overlap’.44 Then, the Hermans–Rasson uniformity test (r) was calculated using the function HR_test in the package ’CircMLE’45 to estimate whether a random activity pattern was exhibited by each species46. Through the R package ‘overlap’44, we also estimated the coefficient of overlap (Δ), measured non-parametrically using kernel density estimates, to quantify the temporal overlap between two distinct activity patterns47. The overlap coefficient is defined as the area under the two kernel density curves, and it can range from 0 (i.e. 0% overlap) to 1 (i.e. 100% overlap). We used the ‘Δ1’ coefficient for pairwise comparisons between species when fewer than 75 observations were available for one of the two species. Conversely, we used the ‘Δ4’ estimator when both species had more than 75 records.43,47 Temporal overlaps were considered as ‘very low’ with Δ≤0.35, ’low’ if 0.35<Δ≤0.50, ’moderate’ if 0.50<Δ≤0.75, ’high’ if 0.75<Δ≤0.90, and ’very high’ if Δ>0.90.48 The overlap coefficients’ 95% confidence intervals (hereafter, 95% CIs) were estimated through bootstrap resampling (10 000 replicates). The Mardia–Watson–Wheeler test (W) was applied using the R package ‘circular’49 to assess whether statistically significant differences among the activity rhythms of the two species were present. Additional bootstrap analysis was implemented to estimate “the probability that two sets of circular observations come from the same distribution” using the function compareCkern in the R package ‘activity’.50 Considering each camera-trap day, using the function getMoonIllumination of the R package ’suncalc’51, a chi-square goodness-of-fit test was used to detect if records of each species were evenly distributed throughout the moon phases46. Lunar phases were classified following Raimondi et al.48 Lastly, sunrise and sunset values for our camera trap survey period were calculated using the function getSunlightTimes of the package ‘suncalc’51, with latitude, longitude and date as input parameters. Sunrise, sunset, night end and night start values were then used to classify the species as cathemeral, diurnal, crepuscular or nocturnal, depending on the proportion of observations recorded during daytime, nighttime and twilight periods, using the ‘Diel.Niche’ R package under the general hypothesis set proposed by Gerber et al.52

Results

The total sampling period included 134 days, corresponding to the dry season of southern Namibia. The realised sampling effort was 5422 camera-trap days (mean±SE=129.1±1.79) out of a potential effort (i.e. accounting for days cameras were inactive in the field) of 5556 days. The number of 5-day sampling occasions obtained was 27. Brown hyenas were recorded at 14 of the 42 stations (naïve occupancy = 0.33). Among the target species, springbok were the most detected, followed by leporids, humans, brown hyenas and leopards (Figure 2). A breakdown of all RAI and naïve occupancy values for all detected species is reported in Supplementary table 1.
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Figure 2: Relative Abundance Index (RAI) values for all analysed species and vehicles.



None of the variables showed collinearity issues (i.e. none yielded a VIF≥3), thus all of them were included in the analysis. The total number of fitted models was 50 (Supplementary table 3). The number of models fitted for selection following the principle of parsimony was 18. The best overall model obtained retained only environmental covariates with effects on detection probability, and no effect on occupancy probability. Elevation exerted a significant and positive effect on detection probability (β=1.15±0.29 SE, z=4.01, p<0.001). The TPI significantly and negatively affected (β=−0.7±0.16 SE, z=- 4.31, p<0.001) the detection probability, while the sampling effort showed a negative effect (β=−0.02±0.01 SE, z=−2.69, p<0.01) (Table 2). The cumulative weight for covariate testing for occupancy probability showed values <0.01 for all factors. The cumulative weights for covariates in detection probability are shown in Table 3.



Table 2:Single-season single-species occupancy models with covariates testing for detection (p) and occupancy (psi) with model ranking realised according to the Akaike Information Criterion (AIC). Only models that ranked higher than the null model are shown in the table.



	Fitted models
	K
	logLik
	AIC
	ΔAIC
	ωi

	p(effort + Elevation + TPI), psi(.)
	5
	–106.03
	222.06
	0.00
	0.42

	p(effort + Elevation + TPI + TWI), psi(.)
	6
	–105.04
	222.09
	0.03
	0.42

	p(effort + Elevation + TPI + TWI + TRI), psi(.)
	7
	–104.97
	223.94
	1.88
	0.16

	p(.), psi(Elevation + TPI)
	4
	–114.94
	237.88
	15.81
	0.00

	p(.), psi(Elevation + TPI + TRI)
	5
	–114.89
	239.78
	17.71
	0.00

	p(.), psi(Elevation + TPI + TRI + TWI)
	6
	–114.89
	241.77
	19.71
	0.00

	p(effort + Leporidae), psi(.)
	4
	–117.40
	242.80
	20.74
	0.00

	p(effort + Homo), psi(.)
	4
	–117.72
	243.43
	21.37
	0.00

	p(.), psi(TPI)
	3
	–118.89
	243.78
	21.72
	0.00

	p(effort + Leopard + Leporidae), psi(.)
	5
	–117.08
	244.17
	22.10
	0.00

	p(effort + Vehicle + Homo), psi(.)
	5
	–117.59
	245.18
	23.12
	0.00

	p(.), psi(Springbok)
	3
	–119.91
	245.82
	23.76
	0.00

	p(effort + Leopard + Leporidae + Springbok), psi(.)
	6
	–116.93
	245.86
	23.80
	0.00

	p(.), psi(.)
	2
	–121.47
	246.94
	24.87
	0.00




ωi, Akaike’s weight; K, number of parameters; logLik, log-likelihood; TPI, Topographic Position Index; TRI, Topographic Ruggedness Index; TWI, Topographic Wetness Index; Homo, Homo sapiens

The best model appears in italics and green shading, while the null model is in bold.







Table 3:Cumulative Akaike’s weights of covariates tested for brown hyena’s detection probability



	Covariate
	Summed model weight

	Elevation
	0.99

	Topographic Position Index
	0.97

	Topographic Wetness Index
	0.45

	Topographic Ruggedness Index
	0.38

	Leporidae
	0.00

	Leopard
	0.00

	Springbok
	0.00

	Vehicles
	0.00

	Homo sapiens
	0.00



 



The temporal activity analysis revealed that both the brown hyena (64.5% and 22.6% of nocturnal and diurnal detections, respectively) and the leopard (31% and 55.2% of nocturnal and diurnal detections, respectively) were cathemeral. Among the potential prey, the springbok was diurnal (90.3% of diurnal detections), the Cape hare was cathemeral (53.9% and 22% of nocturnal and twilight detections, respectively), while Pronolagus sp. were crepuscular-nocturnal (74.4% and 18.6% of nocturnal and twilight detections, respectively). Overall, the leporids’ temporal pattern was classified as cathemeral. Human activity was classified as diurnal (100% of diurnal detections), and vehicles were also detected mostly during the day (98.1% of diurnal records). Results of the temporal activity analysis are shown in Figure 3.

[image: 113673_Ramello_20710_fig3]

Figure 3: Density estimates of daily activity patterns of the target species. Sunrise is indicated at approximately 7.25, and sunset at 18.17 (solar time).

Legend: blue rectangles = dark hours; solid line = activity mean value; dashed lines = 95% confidence intervals; green lines around and inside the dashed lines = bootstrapped estimates of activity patterns.



Considering the temporal overlaps in the studied season (i.e. dry season) (Figure 4), we found a ‘moderate’ temporal overlap between brown hyenas and leopards (Δ1=0.60; 95% CI=0.43–0.77), a ‘very low’ temporal overlap between brown hyenas and springbok (Δ1=0.21; 95% CI=0.13–0.28), a ‘moderate’ temporal overlap between brown hyenas and leporids (Δ1=0.74; 95% CI=0.61–0.86), a ‘very low’ temporal overlap between brown hyenas and humans (Δ1=0.12; 95% CI=0.02–0.21), and a ‘very low’ overlap between brown hyenas and vehicles (Δ1=0.14; 95% CI=0.06–0.23).
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Figure 4: Temporal overlap between pairs of target species. The coefficients of overlap are indicated by shaded grey areas under the two kernel density estimates, and reported along with the 95% confidence intervals (CIs).



Discussion

This contribution effectively enhances knowledge of the brown hyena’s spatial niche and activity within the arid ecosystems of southern Namibia, characterised by the absence of larger predators such as lions and spotted hyenas, and scarcely affected by human disturbance. Our study analysed the factors influencing P. brunnea spatial and temporal ecology, providing insight into the species’ habitat use and activity rhythm in the diverse system of the Fish River Canyon.

Brown hyenas were detected at approximately one-third of the camera sites, comparable to the leopard’s naïve occupancy, yielding low RAI values for both carnivores. The low RAI values observed for these two species in the study area confirm the expected low densities of top predators in arid environments.3,6 However, abundance indices derived from camera trapping should be cautiously used as a proxy for density estimates of secretive species such as large carnivores.27

Results showed that only environmental factors had a significant effect on the species’ spatial ecology. Specifically, only the detection probability was influenced by topographic covariates, while models with variables on occupancy ranked lower in model selection and had negligible cumulative weights. Therefore, the results are inconclusive as to which covariates best explain occupancy probability for the species in the area. However, models with environmental covariates outperformed all models with biological and anthropogenic factors on both occupancy and detection probability.

Thus, our results indicate that environmental variables may be the main drivers of the brown hyena’s spatial ecology within the study area. The positive effect of elevation on detection probability suggests that the distinct topographical separation between the upper plateau and the lower canyon may drive the species to prefer higher elevations, restricting its movements in the main canyon. Our findings contrast with those obtained by Thorn et al.32 and Williams20, who found no evidence of elevation exerting any influence on the brown hyena’s spatial ecology. Conversely, studies conducted by Welch et al.12,17 revealed variable effects, suggesting that the species’ spatial ecology is likely and mostly driven by individual preferences rather than environmental factors. Furthermore, the negative effect observed for TPI on brown hyena’s detection probability suggests that species roam more frequently in valleys or canyon bottoms. Similarly, Beier53 identified canyon bottoms as common travel routes for cougars in southern California and as possible corridors for population dispersal. Within CNP, deep secondary canyons are prominent features along the margins of the plateau, and the brown hyena may use them as pathways to facilitate movements to and from the plateau, serving as preferred routes to foraging areas. Indeed, the cameras with the highest detection rate were located inside secondary canyons or in proximity to ones connecting the lowland to the upland. Brown hyenas appear to use the upper plateau for movement across areas and potentially as selected foraging grounds, thus showing a preference for higher elevations. The flat upland areas host the highest densities of ungulate species within CNP, but provide less cover for hunting for ambush predators such as the leopard, whilst possibly facilitating cursorial hunters such as brown hyenas.14 Another aspect to consider is water availability. Although the species is considered water independent, when available, brown hyenas are known to drink daily.14 During the dry season this resource can be found only at artificial waterholes on the plateau, and in sparse natural springs within the canyon system which are difficult to map. TWI did not influence either occupancy or detection probability; however, future studies could consider an alternative measure to account for water availability and its influence on brown hyena spatial behaviour.

The absence of models with environmental covariates on occupancy probability within the candidate set for best model highlights the limitations of this study in terms of number of detections, calling for caution in interpretation of the results. Nonetheless, the lack of effects on occupancy aligns with findings from previous studies underlining the species’ adaptability to colonise a wide spectrum of topographically different habitats.8,12,17

As for biological covariates, we found no effect on either occupancy or detection probability. This indicates that the presence and abundance of co-occurring predator and prey species have no influence on brown hyena’s occupancy, reflecting the species’ generalist behaviour and scavenging diet.6,10,14,17 Nevertheless, brown hyenas showed a very low temporal overlap with springbok, suggesting a fine-scale temporal avoidance behaviour adopted by prey to reduce the likelihood of predator encounters.

Leporidae, on the other hand, retained a moderate temporal overlap with the scavenger. This could indicate that brown hyena’s spatio-temporal behaviour is not influenced by hares, in accordance with its scavenging diet.6,10,14 We encourage further research to include spatio-temporal analysis of other co-occurring predators and prey across seasons, to provide further insight.

Previous studies have described human presence as one of the strongest drivers negatively affecting the brown hyena’s spatial ecology.11,20 Our results indicate no human influence over the brown hyena’s occupancy and detection probability. This result may be explained by the fact that, within the CNP, human presence is reduced to a few ecotourism vehicles and trekking parties stretched over a vast area. Tourism activities are concentrated during daytime while negative interactions, which would imply spatial segregation, such as hunting and poaching, are banned in the reserve. Consequently, territory overlap is accommodated through temporal avoidance, as the animals may adjust their activity patterns to reduce the likelihood of direct encounters with humans.54 Indeed, we observed a clear temporal avoidance (i.e. very low temporal overlap) between brown hyenas and human/vehicle activity rhythms. To the best of our knowledge, no previous studies have examined the temporal relationship between brown hyenas and humans, so caution is warranted when interpreting this result, as other biological factors might be involved in shaping the species’ temporal behaviour.

Our results indicate that brown hyenas are more active during dark hours, confirming previous studies that define the species as nocturnal.6 However, the proportion of daylight activity classifies the species as cathemeral, reflecting a moderate use of light hours. This could be explained by the low daily temperatures during the dry season, which facilitate movement and foraging later in the morning and early in the evening.14 The clear single peak of activity during dark hours differs from previous studies reporting two distinct activity peaks for the species, one early at night and another early in the morning.14,55 The single broad peak we observed suggests that brown hyenas use dark hours more homogeneously, potentially indicating, as earlier suggested, temporal avoidance of humans and/or increasing foraging effort throughout the night. When brown and spotted hyenas co-occur, their activity patterns are known to strongly overlap, which, as reported in other studies55,56, suggests the existence of potential opportunistic behaviours (i.e. scavenging on carcasses). Seemingly with lions, spotted hyenas actively seek them out to access larger food items.6,13 As these larger predators are absent within CNP, brown hyenas can only kleptoparasitise leopards or cheetahs. However, the likely low density of these two species, based on the RAI values, would rarely create scavenging opportunities for the brown hyena, thus forcing the species to find less readily available food sources. This consideration is supported by comparing the activity rhythms of brown hyena and leopard, revealing that the scavenger’s activity pattern peaks before the leopard’s peak. Contrarily, other research19 has shown that scavenging species show activity peaks immediately after apex predators’ activity, likely to maximise the chances of finding fresh carcasses. Further studies found that the brown hyena’s activity rhythm could markedly change depending on both the area and mammal community. Edwards et al.36 found that, in southwest Namibia, the temporal activities of the brown hyena and the leopard were significantly different. Conversely, other studies have shown a high degree of temporal overlap between the two predators due to the brown hyena’s kleptoparasitism of leopard kills.56,57

In arid environments such as CNP, resource scarcity may intensify competition within the carnivore guild, prompting avoidance behaviours that facilitate coexistence.58 This view is reinforced by the moderate temporal overlap observed between leopard and brown hyena, which contrasts with findings from other studies showing how scavenger activity patterns strongly overlap with those of larger predators.19,56,57 Combining the results obtained from the two analyses, we suggest that the brown hyena exhibits partial independence from the leopard, and a tendency to engage in different foraging strategies. Brown hyenas are known to display predatory behaviour along the Namibian coast15 and are reported to hunt significantly more when carrion is scarce14. Additionally, subordinate carnivore species are known to occupy the apex-predator niche when larger predators are absent.9,59 Our findings confirm the ecological plasticity of the brown hyena, which adapts its spatio-temporal behaviour to the local ecological conditions. Through a study conducted on the spotted hyena, Périquet et al.60 suggested that the structure and intensity of intraguild competition can alter foraging strategies, switching from scavenging to hunting. Consequently, the brown hyena may shift from scavenging to hunting and/or scavenging from animals that die from non-predatory factors to adapt to the low availability of carcasses left by other predators. It is important to note, however, that there were no direct observations of brown hyena hunting behaviour within the study area. Thus, future studies should consider investigating this aspect further.

This study represents the first fine-scale investigation of brown hyenas’ spatio-temporal behaviour within the Fish River Canyon system. We have shown that, in areas with low densities of predators and an absence of larger carnivores, the brown hyena’s spatial behaviour is mainly influenced by environmental factors. Nevertheless, careful thought should be given when interpreting these results, as it is important to consider variations in elevation between areas, along with other topographic factors. Additionally, as this study was conducted across the dry season, which covers the coldest months of the year, we advise caution when interpreting these results, as we could not test the effect of seasonal variables. Data collection across multiple seasons is needed to better define the habitat requirements of the brown hyena within the Fish River system, accounting for the effect of seasonality on the species’ population dynamics and environmental cycles.

We suggest that brown hyenas shape their behaviour through the influence of abiotic and biotic factors within CNP, although these effects are dimmed by its ecological plasticity, which ultimately enables the species to inhabit different environments. We encourage conservation and management efforts to account for this ecological plasticity, addressing prey availability as well as competition with other carnivores. This is particularly important in light of the proposed reintroduction of larger predators in the Fish River system23, which could alter intraguild dynamics and potentially reshape ecosystem functioning.

Lastly, our findings indicate that the sustainable tourism model imple-mented within CNP has no significant impact on the brown hyena’s spatial ecology. We suggest that, as CNP is situated between conservation areas and freehold farmlands, it holds the potential to serve as a safe buffer zone for the species, transitioning from human-dominated landscapes to protected areas. The case of CNP demonstrates that converting farmlands to a privately protected area designated for sustainable tourism may provide significant benefits for wildlife and promote coexistence with humans in Namibia.
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Advances in genetic research and palaeoneurology, together with a better understanding of the African archaeological record, demonstrate that aspects of the sapient mind evolved in Pleistocene Africa. Complex, bimanual technologies, operated over a distance – such as bow-hunting – may provide a partial window into human cognitive evolution. I report on recent interdisciplinary research, drawing on: (1) the development of the human precuneus as the brain region that facilitates visuo-spatial integration; (2) sport psychology and cognitive-motor neuroscience; and (3) neuro-genetic adaptations towards human attention. This research highlights the role of the precuneus and attention in modern archery, and the variation in the genetic development of attentional resources in African Homo sapiens in comparison with the Neanderthals and Denisovans of Eurasia, which may explain why bow-hunting was an African Pleistocene invention.

Significance:

The bow-and-arrow may have been invented in sub-Saharan Africa by ~80–60 ka. Complex technologies of this time depth have the potential to inform about the evolution of the human mind. I highlight the precuneus as the brain region, and at least 14 ‘attention genes’ selected for in the Homo sapiens genome, that may have facilitated early African bow-hunting.






Introduction

Until recently, it was thought that Africans who lived during the Middle Stone Age about 300–30 ka were ineffective hunters lacking the bow-and-arrow1, perhaps because they lacked the necessary cognitive capacity. Yet, Middle Stone Age faunal remains tell a different story (see SOM data 1 in Sahle and Lombard2), as does the human fossil record (Figure 1). The African Homo sapiens genetic record also stretches back to ~350–260 ka3, with behavioural modernity recognised since ~100 ka4. The earliest evidence for stone-tipped hunting weapons, at ~500 ka, currently comes from South Africa.5 Cold phases possibly stimulated weapon development, so that by Marine Isotope Stage (MIS) 12 (478–424 ka), African Homo heidelbergensis preferred hunting with thrusting spears complimented by stabbing spears.2 By MIS 8 (300–243 ka), with the appearance of Homo sapiens, people seem to have started experimenting with javelin hunting over longer ranges of >20 m, and, by MIS 5 (123–71 ka), we possibly see the first tentative experimentation with bow-hunting, which seems to become well developed by MIS 4 (71–57 ka).2
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Figure 1: Cranial fossil record of Homo sapiens, showing the globularisation of the human brain and expansion of the precuneus (red area).



We cannot excavate the ancient human mind, but complex techno-behaviours such as bow-hunting may reveal something about its evolution in Africa.6 Malafouris7 applied Material Engagement Theory to explain how the use of technology shapes the brain and how it thinks. The things we do habitually are expressed in both our technologies and our brains, and changes in one may prompt changes in the other.7 Today, cell phones, computers and gaming devices are changing human neurology, behaviours, and perhaps the evolution of our species.8 If technology is changing our brains today, there is no reason to think it did not happen in the past.

Bow-hunting in the human precuneus

The globularisation of the sapient cranium, with an expansion of the precuneus, becomes recognisable in the Old World Homo sapiens fossil record between ~160 ka and 100 ka9, long after our split from the Neanderthals and Denisovans at ~700–500 ka (Figure 1). The precuneus is active during cognitive processing in modern archers10, serves as an interface between action and cognition in higher-order, bimanual coordination11, and damage to the precuneus causes impairment in bimanual synchronisation12. Such coordination develops incrementally into adulthood, improving with inter-hemispheric communication via the corpus callosum, and with the ability to focus attention through time and across space.13 The precuneus, along with other parts of the human brain, also shows the most activation when spatial attention is needed during tool use.14 It is part of the brain’s default-mode system, with extensive network activity and structural connectivity.15 The frontal region mostly facilitates body cognition, the posterior region visual cognition, the middle portion integrates internal and external signals, and the inner area links to emotional processing (Figure 2). The result is visuo-spatial integration functioning as a bridge between embodied experience, emotion and cognition.16
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Figure 2: Inter-connectivity of the human precuneus (adapted from Margulies et al.15), with intra-precuneal functional regions. The grey area represents the precuneus in the human brain, with the frontal precuneus indicated in blue, the middle precuneus in green, the posterior precuneus in yellow and the inner precuneus in red. The main interconnectivities of each precuneal area with other brain areas are displayed in the same colour as are their main functions in the bars to the right of the brain schematic.

Source: Image adapted from Beldenpoint17 (reproduced under a CC BY 3.0 licence); annotations by M.L.



During modern archery, visuo-spatial integration facilitates: (1) the space–time understanding of physical body–environment coordination; (2) the assimilation of visual images with conscious, self-centred episodic memory recall; and (3) multivariate mental experiments or imagining ‘what if’ scenarios when planning a shot. During bow-hunting, the precuneus, with its network, would be involved in: (1) storing visuo-spatial information about limb and hand positions, and hand–tool interactions; (2) facilitating shifts in attention between the embodied location of the hunter and the location of the prey animal on the landscape; (3) predicting the flight of the arrow and prey movement; and (4) focusing the mind to take an accurate shot.9 According to Bruner18, similar levels of visuo-spatial integration, conscious embodied experience, emotional control, attentional shift and focus, i.e. similar ‘mindfulness’, is not possible without the developments observed in the sapient precuneus by ~100 ka. Today, our ability to focus attention in multiple ways enables us to conduct both mundane and complex tasks. It is key to successful bow-hunting, but focusing and sustaining attention requires training.

Attention in the archer’s brain

Liu et al.19 demonstrated how 45 minutes of Chinese archery improves attentional and emotional control, working memory and cognitive flexibility in pre-adolescent children. Sports psychology and cognitive-motor neuroscience help to observe variation between highly practised and beginner performances and their neuroanatomy.20 Practising archery stimulates the processing of information from both within and outside the archer’s brain, simultaneously selecting and filtering stimuli. This allows the archer to focus attention on multiple aspects relevant to firing a successful shot, whilst ignoring or buffering distractions.21 The ability to pay attention in such a complex manner is key to sapient cognition today. Neurocognitive work suggests that repeated practice and improvement in aiming accuracy result in plastic changes in brain areas associated with spatial attention.10 Kim et al.22 performed a functional magnetic resonance imaging study, comparing differences in the neural networks of expert archers and novice archers during the aiming process. They found that the precuneus was one of the areas of the brain with significantly higher activation compared to other regions in the brains of expert archers, and even more active in the brains of novice archers compared to experts when aiming.20,22 This suggests that the sapient precuneus probably also plays a role in bow-hunting (Figure 3), and that complex, attention-demanding tasks such as bow-hunting may stimulate development/changes in the precuneus and its associated attentional networks.6
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Figure 3: Kalahari Khomani San, Boesmansrus Camp, Northern Cape, South Africa.

Source: Raats23 (reproduced under a CC BY 2.0 licence)



Neurogenetic adaptations towards human attention

We are also able to trace neurogenetic adaptations in human cognitive evolution. Kaczanowska et al.24 showed that functional networks started to change from motor control to attention by >18 Ma in ancient hominoids and by >7 Ma in ancestral Homininae. Much later (~700–500 ka), the Neanderthal split from a common Homo ancestor shows genetic selection for strategic thinking (prospection/theory of mind), working memory and mathematical skill.24 The Denisovans, who split from the Neanderthals after 500 ka, clustered with functional networks for motor control, affective attention (introspection), affective processing (impulse/emotional control), active and passive attention, and action planning.24 After ~300 ka, Homo sapiens in Africa show continued selection for working memory, fine motor control, language, emotion recognition, relational processing (causal cognition), abstract thinking and a notable emphasis on strategic thinking.24

Of 44 genes listed as associated with Neanderthal, Denisovan and Homo sapiens cognition24,25, 26 are associated clinically with attention20. Of these ‘attention genes’, none was selected for in all three groups. Five attention genes (ADAMTS9, ARHGEF11, CHL1, LAMB3, MKKS) were selected for in both Homo sapiens and Denisovans. The ADGRV1 gene was selected for in both Neanderthals and Homo sapiens. Fourteen of the attention genes (ASTN1, BZRAP1, CKAP5, CUL4B, FAAH, LPHN3, MCPH1, NCOA6, NUP210, PCLO, PCNT, RB1CC1, SLC6A15, SLITRK1) currently associated with neurogenetic selection for human cognitive evolution24,25 were selected for only in Homo sapiens. Nine of these (BZRAP1, CKAP5, CUL4B, FAAH, NCOA6, PCLO, RB1CC1, SLC6A15, SLITRK1) have been linked to cognitive processing in the precuneus (Figure 4; also see Lombard’s20 table 2) – which is associated with activation and neuronal pressure when bimanually aiming an arrow at a target through space.19,21 Different neurogenetic pathways are therefore indicated for developing the ability to pay attention amongst ancestral humans, and may explain why only Homo sapiens became habitual bow-hunters during the African Pleistocene (see Lombard6 for a more extensive gene list associated with the precuneus and methodological discussion).

[image: 113673_Lombard_21461_fig4]

Figure 4: Three-dimensional protein structures of genes, associated with the precuneus and attention, selected for in Homo sapiens since our split from the Neanderthals and Denisovans.

Source: Adapted from AlphaFold Protein Structure Database26 (reproduced under a CC BY 4.0 licence)



In conclusion

Today, the human brain–body–tool interface depends on multiple attentional resources, allowing us to coordinate our actions, and plan and direct motoric tasks whilst integrating tools into our body and neural schemes.25 Noticeable changes in Pleistocene technology may demonstrate parallel changes in human attention, ultimately leading to the techno-behavioural complexity observed in the Homo sapiens hunter–gatherer record since ~100 ka.4,27 The origin of bow-hunting in Africa, sometime between ~80 ka and 60 ka, represents a major change in human techno-behaviour that is, thus far, exclusive to Homo sapiens. Neurocognitive work reveals that attentional resources are developed through practising. It demonstrates that paying attention whilst aiming an arrow stimulates the precuneus – a brain region that only reached its modern range by ~100 ka.16 If practising a bimanual technology over a distance, such as archery, changes how an archer’s brain is able to pay attention today, there is no reason to think that ancient Homo sapiens brains did not go through similar neuroplastic adaptations when using similar technologies.
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