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Leader

Sustaining excellent science

On 13 July 2023, the National Science and Technology Forum (NSTF) 
announced the winners in various categories for scientists in South 
Africa. On show, amongst both the winners and the finalists, was an 
impressive array of South African scholarship and innovation, with work 
focussed on solving pressing problems in our country, our continent, 
and, indeed, our planet. This event is just one opportunity for science in 
South Africa to be recognised and celebrated. We at the South African 
Journal of Science congratulate all the nominees and winners, and we 
look forward to receiving submissions from them all for consideration for 
publication in our journal.

Less than two months before this date, on 16 May 2023, the Progress 
in International Reading Literacy Study (PIRLS) Report of 2021 data 
was published.1 As the South African Preliminary Highlights Report2 
demonstrates, the results for South African children are cause for very 
serious concern. The economist Nic Spaull3 refers to the findings for 
South Africa as a ‘generational catastrophe’, and amongst the key 
summary points made by Spaull on the findings are the following 
(quoted directly from Spaull3):

	•	 In 2021 81% of Grade 4 learners cannot read for meaning in any 
language, up from 78% in 2016.

	•	 SA came last of all 57 countries [studied], with the largest decline 
between 2016 & 2021.

	•	 The average Gr4 child in SA in 2021 was 80% of a year behind their 
counterpart in 2016.

	•	 Northern rural provinces experienced the largest declines in 
reading.

	•	 English and Afrikaans schools did not experience a decline between 
2016 and 2021.

	•	 Brazilian Grade 4s are 3 years ahead of South African Grade 4s.

	•	 SA does not currently have a credible or budgeted plan to catch up 
learning losses, despite experiencing the largest decline between 
2016 and 2021.

The story these data, and others in the report, tell, is alarming. South 
African Grade 4 learners perform appallingly in reading for meaning when 
compared with children in 56 other countries, and lag three years behind 
those in a comparable BRICS country (Brazil). Things are getting worse, 
if one compares with data from previous waves. And within the pattern 
of general poor performance, existing inequalities, including those of 
language and place, are reproduced in the reading comprehension skills 
of Grade 4 learners in South Africa.

There are many excellent researchers working very hard to improve a 
serious and deteriorating situation, but these data have implications, not 
just for those working in fields related directly to literacy and school 
education, but also for all scientists. If skills deficits are so serious and 
getting worse, it may well have implications for the future of science in 
our country – the pipeline, as others have said, is broken.

The contrast between the great achievements showcased by the NSTF 
and the PIRLS data may lead many South African scientists to feel as 
though we are living simultaneously in two very different worlds – on 
the one hand, South Africa is a world leader in a number of scientific 
fields, and on the other, ours is a country of vast, and probably growing, 
functional illiteracy (including scientific illiteracy). The PIRLS study 
confirms the latter. At the same time, many South African academics face 
the everyday stress of doing their best to educate on a mass scale, and 
with few resources, poorly prepared students without the skills in basic 
literacy and numeracy one would expect university students to have. The 

effort this involves impacts on academic and research productivity from 
these academics, and also creates a situation in which many academics, 
and others, question the value of some university qualifications. Through 
all of this runs the river of historical and ongoing inequality: we have 
excellent, well-trained and equipped scientists, but we also have those 
excluded from having a fair chance at developing their talents so that they 
can aspire to the privilege of a productive and meaningful scientific career. 
As a scientific community, across all disciplines, we have a collective 
responsibility to be mindful of and to contribute to working towards the 
eradication of dysfunction and inequality in our educational systems, and 
in our society as a whole. This is an issue not just of social justice but 
also of sustainability of the good quality of science in our country.

In this regard, it is especially pleasing and encouraging for us that this 
year’s winner of the Lifetime Award at the NSTF ceremony was Professor 
Jonathan Jansen. The commendation given for this award by the NSTF 
reads as follows:

For a distinguished contribution to the advancement 
of education scholarship through advanced research 
and publication, scholarly teaching, innovative 
university management especially in times of racial 
disharmony, science leadership, school improvement, 
educational innovation, capacity development, 
public engagement, and science advocacy.

At the South African Journal of Science, we experience Jansen’s support 
and help regularly, way beyond what could reasonably be expected 
from his role as President of the Academy of Science of South Africa 
(ASSAf), our publisher. More importantly for this discussion, though, 
is Jansen’s ongoing work to improve the quality and sustainability of 
scholarship and research in South Africa. And it is no coincidence that 
one of Jansen’s most recent publications, Corrupted: A Study of Chronic 
Dysfunction in South African Universities4, reviewed in this issue,  
deals with the question of corruption in higher education in South 
Africa. Though it is a daunting, and probably impossible, task fully to 
understand the depth of dysfunction in some of our higher education 
institutions, a contributing or exacerbating factor must be the lack of 
equal access to the tools of rigorous scientific enquiry. Science is not 
about the production of what in today’s knowledge economy are termed 
‘outputs’, but about the use of skills to articulate and solve problems. 
And currently, as in the past, these skills are bound up with historical 
and current privilege.

To bridge the gap between the two worlds – science excellence on the 
one side and lack of access to functional literacy on the other – is no 
easy task. But we need more concerted work across disciplines to stop 
the gap from widening, and ultimately towards bridging it.
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Obituary

Brian Warner was a great asset to the University of Cape Town (UCT) and to science in South Africa in general. He 
set the Department of Astronomy at UCT on the road to being the world-class institution that it now is, and helped 
to build up science at UCT and in South Africa to an international level.

Prior to 1970, astronomy at UCT was taught by R. H. Stoy, who was Director of the Observatory, and by Don Fernie 
and Pat Wild of the Physics Department. UCT’s Department of Astronomy was formally founded in 1970 with Tony 
Fairall as Lecturer and Pat Wild as Senior Lecturer. Brian was recruited as Head of Department in 1972. He had 
been a Fellow of Balliol College, Oxford (1965–1967), where he met mathematics tutor Jack de Wet, who became 
Dean of Science at UCT in 1971 and then recruited Brian to come to UCT. De Wet wrote to Brian when he was in 
Texas, telling him that he was due to retire from Oxford and was returning to UCT as Dean of Science. Brian said 
later “That changed everything. I knew De Wet, I admired him. I wanted to go where he went.”1 They formed a 
close working relationship as Jack de Wet transformed science first at UCT, and then transformed the way the then 
Foundation for Research Development worked (it later became the National Research Foundation).

Brian attended East Grinstead County Grammar School, and as a schoolboy befriended Patrick Moore who lived 
in East Grinstead. Brian and his friends used Moore’s telescope. He wrote in Moore’s obituary in The Guardian2:

There are many individuals in successive generations of professional astronomers who 
owe a great deal to the books and personal support of Patrick Moore. He introduced 
children of all ages to astronomy, and some of them became prominent professionals 
in astrophysics and planetary sciences. Having, as a schoolboy, lived within bicycling 
distance of Patrick’s house in East Grinstead, I benefited from his encouragement and 
generosity of time and, indeed, from his introduction to those who were later to become 
my teachers and mentors. And I still value the inscribed books he gave me during those 
years. The scope of his books went well beyond introductory and popular texts – his early 
lunar and planetary publications were well-rounded reviews that included much from 
the professional literature. Some books, such as the one on Neptune (1989), were useful 
contributions to the history of astronomy.

Brian studied astronomy at University College London, already publishing two papers3,4 before completing his 
doctoral thesis5 in 1964. For his thesis research he travelled to the Radcliffe Observatory in Pretoria to use the 
observatory’s 1.9-m telescope. Here he met David Thackeray, who specialised in astronomical spectroscopy. At 
the University of Texas at Austin he helped develop the new field of high-speed photometry for studying variable 
stars and measuring stellar radii by observing lunar occultations. He became a major figure in astronomy worldwide 
through his books and papers on cataclysmic variable stars. He published two key books6,7 and many papers (for 
example8,9) on the topic, including theoretical as well as observational papers10. He was Head of the Department 
of Astronomy until December 2004; Renee Kraan-Korteweg took over as Head in January 2005. But he continued 
to do research.

He was, however, much more than an astronomer: he was a meticulous researcher of broad interests who wrote 
books on flora, and on the history of astronomy in South Africa. Particularly he wrote about Sir John Herschel in 
regard to both his astronomy and his botanical studies, for example co-authoring Flora Herscheliana: Sir John 
and Lady Herschel at the Cape 1834 to 183811 and authoring Cape Landscapes: Sir John Herschel’s Sketches 
1834–183812.

An important paper which he published in the South African Journal of Science was on the meeting between 
Charles Darwin and John Herschel at the Cape of Good Hope in 1836.13 Brian wrote: “with Herschel himself having 
speculated on evolution just before he met Darwin, it is probable that he stimulated at least the beginnings of the 
latter’s lifelong work on the subject” – a key observation regarding the history of the theory of evolution. Brian 
wrote poetry14,15, and built a harpsichord and a clavichord, both requiring great woodworking virtuosity.

He was a strong supporter of science in general at UCT and in South Africa. From 1981 to 1983, he served as 
President of the Royal Society of South Africa, and he was a founding member of the Academy of Science of 
South Africa. But his reach was global: he was Vice-President of the International Astronomical Union from 2003 
to 2009 (other South African astronomers who have held this position are Richard Stoy, Michael Feast, and Renee 
Kraan-Korteweg).

His work was recognised when he was made a Fellow of UCT, and an Honorary Fellow of the Royal Astronomical 
Society. He received the McIntyre Award from the Astronomical Society of Southern Africa, the John F.W. Herschel 
Medal from the Royal Society of South Africa, and the Gill Medal from the Astronomical Society of Southern 
Africa. He was made an Honorary Fellow of the Royal Society of South Africa, an Honorary Member of the Royal 
Astronomical Society of New Zealand, and won the Science-for-Society Gold Medal of the Academy of Science of 
South Africa. He was awarded an Honorary Doctorate from the University of Cape Town in 2009, made an Honorary 
Fellow of University College London the same year, as well as being elected a Fellow of The World Academy of 
Sciences. He was on the board of the South African National Library for 10 years.
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The Academy of Science of South Africa’s book Legends of South 
African Science states1:

Warner considers building up the astronomy 
department at UCT as his crowning achievement. 
When he took charge in the beginning, it consisted 
of only two people. Today there are so many staff 
and students that he can’t remember the names of 
everyone. “It’s a big department and I’m proud to 
have laid the foundation for it,” he says. Without it 
and the people it has trained, South Africa would 
not have been in the position to build and run the 
ten-metre mirror SALT, which helped to win the 
bid to host the SKA.

He made a great contribution to UCT and to South Africa in many ways. 
I personally was grateful to be able to talk to him on many topics, 
including astronomy.

Acknowledgement
I thank Patrick Woudt for helpful comments on this obituary.
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Obituary

On the morning of 16 May 2023, I received an email message from Estelle Trengove with the sad news of Barry 
Dwolatzky’s passing. Estelle is the current Head of the School of Electrical and Information Engineering at the 
University of the Witwatersrand (Wits) as well as one of Barry’s past graduate students. Barry was an active 
participant in the affairs of Wits University until the very end of his life. I met him for the last time at the opening of 
the Wits Innovation Centre that he helped to create; this was only four weeks before his death.

Barry and I enrolled to study Electrical Engineering at Wits in 1971. I recall in retrospect that many of the students 
of the day looked ridiculous. In our case this was probably a reaction to our recent release from national service. 
Distinctive features of our attire included long unkempt hair, garish bell-bottomed jeans, and tie-dyed T-shirts that 
were topped off with socks that didn’t match anything. Our first meeting was probably on the Wits library lawn, in 
Pop’s café, or in the student canteen. I still remember his smile, his softly spoken dry humour and a slight stammer 
that never left him. The class of 1971 included some very talented students, but we all found it a demanding 
course and down time away from our studies had to be rationed. A fond memory was Friday evenings with Barry 
at Jean Bodart’s house. As engineering students go, Jean was a cultured man with an impressive collection of tape 
recordings and long-playing records that included several folk luminaries such as Pete Seeger, Bob Dylan, and Joan 
Baez. In these settings Barry made me feel uncomfortably inferior – even at this young age he was widely read with 
a rapidly evolving interest in South African politics.

Another fond undergraduate recollection was our Friday afternoon technical drawing classes that were held on the 
top floor of what came to be the Richard Ward building. An off-curriculum objective of these classes was to make 
planes out of A0 drawing paper and attempt to hit targets on the far side of Juta Street; despite our best efforts, 
the railway lines remained stubbornly out of range. Nobody would have guessed that in later life Barry would turn 
into a property developer who would be instrumental in the refurbishment of some of the buildings we flew over 
as students. Barry and I were separated in 1973, when he had to repeat a couple of courses; his multiple outside 
interests had spread him too thinly.

My 50-year friendship with Barry reminds me of two oscillators operating at slightly different frequencies that 
would slowly drift in and out of phase. Sometimes we were in contact and other times less so. After graduating in 
1975, Barry stayed on at Wits to do a PhD in digital control systems. Motivated in part by his strong distaste for 
the military, and the prospect of further ‘camps’, he went to the University of Manchester’s Institute of Science and 
Technology as a postdoc and then to Imperial College London. At roughly the same time I left South Africa to go to 
Cambridge. As fortune would have it, the head of the control group at Imperial was another Witsie, David Mayne, 
whose PhD supervisor had been the well-connected British elder statesman, John Westcott. John was apparently 
able to ‘fix things’ effortlessly within the UK civil service.

Barry’s move to Imperial College required a new work permit. This involved a six-week wait and multiple trips from 
Manchester to the Home Office in London for a string of encounters with obstructive bureaucrats. Frustrated by 
all this, Barry explained his difficulties to John Westcott, who immediately picked up the phone and called a man 
named ‘Bunter’. “His name is Dwolatzky, and the application number is xxx .... Thank you, old chap. Regards to 
your wife.” John Westcott then explained: “If you go to Lunar House now your work permit will be ready.” The full 
story can be found in Barry’s memoir – Coded History: My Life of New Beginnings, which tells a more complete 
story of Barry’s life as both an activist and a scientist. For what I am sure were sound reasons, John Westcott 
appointed Barry, while David Mayne hired me – we were united again.

Ever since his undergraduate days Barry had been interested in computers and computer programming. These 
interests were put to good use at Imperial where he joined John Westcott’s group that was working on the computer 
modelling of the British economy. Their focus was to find ways of employing control-theoretic methods to develop 
the UK’s economic policies. Barry worked on the 12th floor of the Electrical Engineering building at Imperial — we 
regularly got to meet for lunch. Barry’s group included a fiery Turk and an equally volatile Greek. Barry’s role was 
to develop software and mediate in all-to-frequent arguments. Barry did not like conflict and did not believe in the 
idea that the strength of an argument is proportional to the volume with which it is delivered.

As was routinely the case, fixed-term research grants would end, and the associated staff had to seek employment 
elsewhere. The conclusion of one such grant triggered my move from Cambridge to Imperial College, while the 
end of another resulted in Barry’s move to the GEC-Marconi Research Centre on the outskirts of Chelmsford in 
Essex. This turned out to be a good move for Barry because he got involved in the use of artificial intelligence in 
robotic manufacturing. Barry was particularly proud of his contributions to flexible robotic manufacturing using 
object-oriented programming. As with many technological advances, artificial intelligence, computers, and high-
speed digital communications can produce socially repressive consequences such as social credit scores, vaccine 
passports and manipulable digital currencies. Despite his enthusiastic support for these new technologies, he was 
less keen on the idea of his bathroom scales talking to the fridge, which would them conspire jointly with the local 
supermarket to ‘improve’ his diet.

When Barry was still living in London, and commuting to GEC, he received the news that he was seriously ill and 
would be immediately transferred to St Bartholomew’s Hospital in London (a world-renowned cancer hospital). 
Barry had been diagnosed with hairy cell leukaemia, which at the time had a poor prognosis. I was amazed at the 
apparent calmness with which he took this terrible news – but that was Barry.

In 1989 it appeared that Barry’s leukaemia was in remission and for various reasons he decided to return to South 
Africa. Another point of convergence was Professor Hu Hanrahan’s offer of a senior lectureship for Barry at Wits.  
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In 1972 Barry and I were in our second year, and Hu Hanrahan was 
then a young professor who struggled to teach us some electronics. 
His return to South Africa was the start of a good period in Barry’s  

life: his cancer was in remission, he married Rina, he became a marathon 
runner, and an embryonic property developer.

Barry’s many contributions to Wits have been covered by others, and 
so I will not deal with this aspect of his life in any detail. His Wits-
related achievements included setting up several new undergraduate 
programming courses; he was founder and one-time director of 
the Joburg Centre for Software Engineering; he had the vision to 
spearhead  the fundraising effort that transformed several rundown 
buildings in Braamfontein into the Tshimologong Digital Innovation 
Precinct and was its first director. He also persuaded IBM to establish 
their 13th research laboratory that is attached to Tshimologong. In 
2016 he was honoured with a Vice-Chancellor’s Award for Research 
and Teaching. He also worked alongside Wits University’s Deputy Vice-
Chancellor, Professor Lynn Morris, to establish the Wits Innovation 
Centre, which was launched only a month before his untimely death.

From a human perspective Barry was a simple man, but he was no 
simpleton. As part of Wits’ centenary celebrations, we wrote a paper  
on some South African contributions to engineering that was recently 
published in this journal. While drafting the paper, I was amazed by his 
breadth of knowledge of the history of South African engineering and 
especially Wits’ contribution to World War II radar; a topic I thought I 
knew well. He also had a high social IQ and was remarkably good in his 
dealings with people; I never knew him to become impatient or irritable, 
but he was also able to quietly stand his ground when necessary.

In closing, I would also like to mention that Barry was instrumental in 
arranging my current appointment as a Distinguished Professor at Wits, 
a gesture for which I am most grateful.

God’s speed my friend, you will be missed by all those who had the 
privilege of knowing you.

Barry Dwolatzky
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Charles van Onselen is a leading South African historian whose career has spanned decades. With this trilogy, he 
has made yet another important contribution to the historiography of southern Africa. Standing firmly in the field of 
social history, but foraying into economic, political and cultural history, van Onselen uses a broad approach, both 
in terms of time and space, to look at some of the different dynamics of the historical relationship between South 
Africa and southern Mozambique, to which he has been devoted in the past few years.

This collection is made up of three volumes:

Volume 1: Mizaru – ‘See No Evil’ – The makings of an African economic tragedy: Mozambique, circa 1500–1960

Volume 2: Kikazaru – ‘Hear No Evil’ – Through the turnstiles of the mind: White South Africans and the freedoms 
of Mozambique, circa 1914–1975

Volume 3: Iwazaru – ‘Speak No Evil’ – The quest for wealth without work: The Lourenço Marques lottery, 
Protestant panics and the South African white working classes, circa 1890–1965

The title of the collection – and of each of the three volumes – is in itself particularly meaningful: by referencing the 
old Japanese proverb of the Wise Monkeys, van Onselen is evoking what in these historical exchanges between 
the two neighbouring territories has been silenced, especially in the context of colonialism and imperialism. That is 
precisely what he hopes to uncover: “Only by seeing, hearing and speaking honestly about the past can we hope 
to understand a troubled present” (Vol. 1, p. VIII).

The particular dynamics of the relationship that the author proposes to examine in detail, as well as the methodologies 
chosen to do so, are laid out in the general introduction to the collection, entitled “Intersections of Church, Nation 
and State: South Africa and Mozambique, circa 1650–1970” (Vol. 1, p. 1–67). Therein van Onselen makes a strong 
case for bringing together the teachings of Braudel and Hobsbawm and examining the connections between South 
Africa and southern Mozambique since the very earliest times. By setting aside the traditional basis of analysis 
in historical research, the nation-state, favouring instead a transnational, regional approach, and by looking at the 
deeper history of southern Africa from the 1650s, but mainly after the Union of South Africa was formed in 1910, 
van Onselen hopes to follow more closely how the relationship between South Africa and southern Mozambique 
unfolded, emphasising instances of tension, competition, dependence or cooperation.

Importantly, the main argument goes, the political, cultural and economic dynamics of the relationship to be 
examined in the three volumes were profoundly shaped by asymmetries that are at the root of Mozambique’s 
current underdevelopment. Mozambique’s predicament, van Onselen posits, is that it was doubly colonised – first 
by “the Portuguese and commerce” since the 16th century, and then by “South Africa and industry.” Although 
officially under Portuguese colonial rule, in the late 19th century, southern Mozambique (the region below the Sabi 
River, known in Portuguese as the Sul do Save) became “in effect, South Africa’s fifth province, the subject of a 
form of sub-imperialism both bedevilling and retarding ‘state’ formation in a colony” (Vol. 1, p. 14). Religion is 
another key variable in this argument: van Onselen attributes a central role to Protestantism and Catholicism and 
the ways in which they helped shape different societies on either side of the border and informed official policies, 
as well as relationships between the two neighbours.

Van Onselen addresses the root causes and the consequences of the historical asymmetries between South Africa 
and Mozambique in Volume 1. Following in the footsteps of his recent The Night Trains: Moving Mozambican 
Miners to and from the Witwatersrand Mines, 1902-19551, where he examined in detail the harrowing experience 
that led thousands of Mozambican men to work in South African mines after the mining revolution, in Volume 
1 of the trilogy he explores the long path that led Mozambique from “global slavery to one of regional industrial 
servitude” (Vol. 1, p. 67). Looking at a glance through centuries of Mozambique’s history, van Onselen focuses 
especially on the 19th-century shift from a territory politically and economically centred in the north and around 
relations in the Indian Ocean World, to a territory centred in the Sul do Save and around relations with South Africa, 
as seen by the growing importance of the Lourenço Marques port. South Africa’s “predations” on the Sul do Save 
since the 1870s, van Onselen tells us, were also financial and commercial, and its industrialisation was made on 
the back of thousands of low-paid Mozambican workers.

In Volumes 2 and 3, the 20th-century culture wars being fought within Protestant South Africa, and their reflection 
in neighbouring Catholic Mozambique, take centre stage. Highlighting the close entanglement between religion and 
politics in an increasingly conservative South Africa, van Onselen examines first how Mozambique, and especially 
the then capital Lourenço Marques (now Maputo), praised for its buoyant nightlife and pristine beaches, came 
to occupy an important role in the lives and the imagination of white South Africans looking for a refuge from 
the strictures of Calvinist morals. Appealing to different tourist populations, from adventurous young women to 
working- and lower-middle-class men, Lourenço Marques came to signify the possibility of living a freer life, even 
if just for a few days. And while the Portuguese, van Onselen shows us, were intent on stimulating these exchanges 
and even dreamed of turning Lourenço Marques into a French Riviera of sorts, namely through the construction 
of the high-end Polana Hotel, the South African government was less pleased. Fearing the subversive potential of 
a city where classes, sexes and races mixed in ways that could complicate the stricter hierarchies imposed at 
home, South African authorities put in place systems of surveillance and control of cross-border movements, but 
ultimately failed to curb Lourenço Marques’ touristic appeal.
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A second cultural war, this time fought in the airwaves, is the focus of the 
second part of Volume 2. Van Onselen centres on the fascinating history 
of an English-language commercial radio station, Lourenço Marques 
Radio (LM Radio), based in the Mozambican capital, from its beginnings 
in the 1930s to its demise in the 1970s under pressure from Afrikaner 
nationalists, revealing in the process a Portuguese government pliable to 
South African interests. Much like travelling to Mozambique, listening to 
LM Radio became an escape for the elusive South African youth. Popular 
shows like the ‘LM Hit Parade’, aired on Sunday nights and broadcast to 
South Africa, led to fears of the potentially dangerous effects of popular 
culture, while in the 1960s, in the context of decolonisation wars, South 
African authorities feared rather politically subversive messages.

Finally, in Volume 3, van Onselen tells the story of “a religious war lost” 
(Vol. 3, p. 18). What was at stake in this war was controlling the hearts, 
the minds and especially the wallets of South Africans. In this rich and 
detailed transnational history of gambling in South Africa, van Onselen 
focuses especially on the lives and dealings of an Australian businessman 
and a Portuguese ex-priest working in Johannesburg as a “Native Affairs 
Curator,” each with capital and influence on either side of the border, 
who came together to obtain a concession to run the Lourenço Marques 
Lottery. Aimed especially at white working classes in the Rand, where 
gambling was essentially illegal and frowned upon by the church, the 
lottery, thriving between the wars, also faced opposition in Mozambique. 
Importantly, van Onselen shows us how activities like dog racing, 
pinballs or lotteries came to occupy different roles for different sectors 
of the population in South African society during the 20th century, in 
the context of changing economic and political circumstances, but also 
how Afrikaans and English Protestants – at odds on other issues – and 
the state aligned to control the future of the disposable income of first 
working-class men, and later women and families.

Three Wise Monkeys will appeal to scholars of southern Africa and 
wider audiences alike. It remarkably shows how Mozambique is part 
of South African history, not just through the hardship of thousands 
of Mozambican workers, so fundamental to sustaining the mining 
industry, but also through different relationships and cultural exchanges. 
From an interdisciplinary perspective, beyond the study of history as 
narrowly understood, van Onselen’s work throws light on a number of 
intersecting fields, including the studies of extractive labour practices, 
the entanglement between politics and religion and international politics. 
By limiting his analysis to mostly English-language primary sources, 
however, van Onselen tells this story essentially from a South African 
perspective. In particular, the points made about the inner workings of 
the Portuguese colonial government, about the ways in which the Sul 
do Save was captured by South African interests, or about the social 
and economic life of the region could be nuanced by referencing 
other important scholarship drawing mostly on Portuguese-language 

sources.2-4 Furthermore, the cultural exchanges discussed in this trilogy 
appear as one-sided, when more varied sources could perhaps have 
helped to understand how different expressions of popular culture, 
namely coming from South Africa, circulated, were received and were 
appropriated in Mozambique, by settler populations and especially 
by African populations. For a broader picture of the dynamics and 
relationships forming on both sides of the border, van Onselen’s 
Three Wise Monkeys could usefully be read alongside works like Todd 
Cleveland’s recent exploration about tourism in Africa, several chapters 
of a recent edited volume on popular culture in Africa under former 
Portuguese colonial rule, as well as with a monograph on football in 
Lourenço Marques.5-7 In spite of these shortcomings, these three 
volumes greatly enhance our knowledge about the history of southern 
Africa and specifically about the relationship between South Africa and 
Mozambique, and they should be read by scholars from a wide range 
of fields.
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In his own words, the author of the book under review, Professor Jonathan Jansen, points out that the existing 
accounts of malfunction in dysfunctional universities in South Africa cannot give us the complex and deep analysis 
we need to understand the persistent instabilities in South African public universities. Jansen cites publications 
on “corruption and mismanagement in these dysfunctional universities” (p. 2), but these are limited and often 
lack empirical data and theoretical rigour. The purpose of this book is, thus, to go beyond immediate experiences 
and observations of dysfunction in public universities to excavate more deeply into the root cause/s of persistent 
dysfunction. In what is a profound contribution of Jansen’s book, he provides a deeper theoretical and layered 
understanding or explanation of persistent dysfunction.

A key issue in the book is an awareness and critical analysis of mechanisms in the structural domain (social 
structures, finance system, education system, corruption, resources, power and so on); cultures (discursively 
constituted sets of ideas in language and other sign systems that constrain and enable an emergence of events, 
observations, and experiences); and agency (peoples’ thoughts and actions enabling or constraining them to do 
or say what they can or cannot).1 Like Archer1 and Bhaskar2

, Jansen is of the belief that, to come as close as 
possible to the ‘truth’, a layered understanding or explanation is necessary, where structures, culture and agency 
are analysed separately. In other words, Jansen is asking a question and is providing an alarming answer to the role 
that structures, cultures or agency play in contributing to persistent dysfunction in public universities. Based on this 
understanding, Jansen argues that a deterministic view is too simplistic to provide us with a nuanced explanation 
of persistent dysfunction. In his analysis, he does not dismiss history, race or class. He acknowledges that the 
legacy of apartheid neglect and inequity may well be a key contributor to dysfunction in historically disadvantaged 
universities. Historically, white universities were institutionally supported, in material and symbolic terms, by the 
apartheid regime, with far less support given to historically black universities. But a key contribution of Jansen’s 
analysis is that he goes well beyond a narrow, simple and deterministic view of history – he shows that the real and 
root causes of persistent dysfunction in public, particularly black, universities are far more complex.

Using political economy as a theoretical framework, Jansen is able to provide a deeper analysis, explanation and 
understanding of persistent dysfunction in public historically black universities in South Africa. His central thesis is 
based on the idea that structures like the financial system, in which 26 public universities receive billions of rands 
annually in state funds, could be one of the reasons such universities end up not paying needed attention to their 
mandate, which is the academic project. Instead, vice-chancellors and deputy vice-chancellors, chairs of council 
and council members, students’ representatives, and unions compete for scarce state resources – a scramble 
which is compounded by political interference. The result is an industrial scale of corruption in these institutions. In 
relation to this point, Ngcamu and Mantzaris3(p.7) argue that, in these institutions, “The university systems that detect 
corruption have been deliberately weakened by university leaders to enable fraudsters to access funds through 
corrupt means.” This is the central thesis of the book and, in my view, accurate.

Jansen shows that these events and patterns of corruption in universities are hardly obvious or visible in the eyes of 
the public, given that most of us in the public domain, at most, view universities only as places for education. We do 
not think of them as places to be associated with corruption. This perception itself may provide some scaffolding 
for the compromise of the academic project in these institutions.

Jansen does not dispute that there is corruption in historically white universities, but the extent of it cannot be 
equalled to that occurring in historically black and disadvantaged universities. In historically black and disadvantaged 
universities, there is blatant stealing and looting of resources in the form of state funding, in its various forms.

The credibility of Jansen’s analysis and thus argument is based on empirical evidence of “more than a hundred 
interviews with senior people involved in, and knowledgeable about, South African universities”, having been 
involved as “assessors and administrators in various universities” (p. 13), as well as his direct involvement in 
some of these institutions, either as the deputy vice-chancellor or an administrator. Such evidence forms the basis 
to understand the problem. This book is unique in that Jansen puts a human face and biographical experience to a 
problem of political economy.

In the final chapter of the book, Jansen proposes that, to address the current chronic dysfunction, among other 
things, universities need to go back to their mandate, to pursue an academic project. This is no more and no 
less than the production of knowledge (through research), which can be achieved only if universities genuinely 
subscribe to the ideals of integrity, argues Jansen – doing the right and the correct thing at all times.

Jansen further notes that, for this idea to be realised, universities need to reduce the numbers and depoliticise 
university councils, the highest governing structures in universities, and appoint professionals with integrity. Such 
persons are likely not to conflate their roles of governance with the roles of management. The same thinking, 
in terms of depoliticisation, extends to students and unions. Jansen argues that students are at universities to 
learn. He does not dispute that students should be involved in politics. If, however, their involvement is geared 
towards securing tenders for constituencies outside university as they sit on procurement committees, this can 
have dire consequences. For example, where procurement decisions do not favour their preferred candidates (and 
by implication their own interests), students may make the institutions ungovernable. Jansen suggests further that 
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where trade unions narrowly pursue their own interests in universities, 
such involvement will derail and compromise the academic project.

A major and important contribution of this book is the core notion that 
the academic project must be revived. I think therefore that the book 
would have benefitted from a clearer indication by Jansen of how people 
involved in universities may come to understand what an academic 
project is. What do academic leaders, academic teachers, students, and 
so on, need to do to realise, truthfully, the academic project, especially 
in the midst of violence that has engulfed these universities? Whilst this 
book has many strengths, it is less strong at taking full account of the 
fact that the contexts of our universities and the espoused academic 
project have a long history of being dominated by “white and neoliberal 
world views”4. Jansen, very importantly, redresses an imbalance in 

our understanding of corruption in our universities. Building on this 
scholarship, we now need a more complete and synthesised analysis 
of the core issues.
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Significance:
Biomedical laboratory and field scientists, as well as social scientists, in South Africa and elsewhere on the 
continent, responded to the challenges of COVID-19 with speed. African-wide experience with infectious 
disease, and the networks and infrastructure to conduct new research and implement field trials, were part of 
the global effort to contain the pandemic. But in order to contribute, scientists necessarily set aside ongoing 
research, including on some of the most persistent infections – HIV, TB, malaria. This situation highlights 
the precarity of science research programmes and the challenges of sustaining research capacity when 
agendas, funds and acknowledgements reinforce global inequalities.

It has been more than 3 years since the first cases of COVID-19 in South Africa, and over a third of the population 
has been fully vaccinated and transmission has slowed. It continues to do so, offering us time to draw breath 
and to reflect on how, as a country, we have navigated the pandemic and stalled the worst economic impacts at 
household level for many South Africans. Since then, there has been growing awareness of the costs of preventive 
interventions to contain the pandemic for those most vulnerable to infections, and the economic repercussions 
of these interventions.1-4 At the same time, we now have the opportunity to reflect on how, by utilising existing 
strengths in science infrastructure, resources, networks and skills, South Africans played a major role in curbing 
the spread of infection. In this Commentary, we discuss policies and early public health interventions across Africa 
in response to the pandemic, then turn to the role of scientists in developing biomedical interventions. In doing so, 
we draw attention to the importance of science capacity, and the distribution of power in research as well as policy.

The epidemiological picture of the pandemic, here and elsewhere on the continent, remains somewhat unclear, 
the consequence of varied capacity within and between countries to case find, maintain records, and report 
administrative data. The limits of information on cases reflect people’s reluctance to present for diagnosis among 
populations with poor access to medical care, due to distance from services and lack of right to receive care, the 
latter particularly for people without IDs or marginalised from society for structural reasons. Counter directives to 
shelter in place and avoid social interactions, such as queuing, that might increase transmission of COVID-19, also 
discouraged people from presenting to clinics. In addition, the relative youth and low density of populations in some 
countries and local areas likely reduced infection rates, severe morbidity and mortality.

The rapid response of governments across the continent to implement non-pharmaceutical interventions to 
slow transmission and to introduce fiscal measures to minimise the economic costs of the pandemic was less 
predictable. South Africa was one of many countries that used existing grant mechanisms and additional cash 
transfers to support people who might be harshly affected otherwise, as social interventions forced people out of 
work and the economy contracted. In Kenya, Uganda, Nigeria, and elsewhere, governments likewise supplemented 
existing social protection funds and introduced cash transfer programmes, despite challenges in administrating the 
programmes, and facilitating registration and access.5 In Uganda, various monetary policies were introduced to 
mitigate the harsh social and economic constraints designed to limit transmission, although these policies did not 
include funds to help support households.6 Elsewhere, some households received food or financial aid.7 The swift 
implementation of mechanisms of control by African governments illustrates country capacity to respond to health 
emergencies, at least as well as other countries across the globe, and capacity to plan for future pandemics and 
other threats to personal, community and national security, lives and livelihoods.

These apparent successes contradict conventional accounts of pandemics, such as Ebola in 2014–2016, which 
suggest a lack of preparedness within health systems, and little capacity to manage exponential infection without 
input from outside – from WHO, other multilateral agencies, and scientists from the Global North.8 But while there 
were problems in responding to the Ebola pandemic in Sierra Leone, Liberia and Guinea, Senegal’s success in 
averting infection spread suggests that this was not inevitable.9 Moreover, considerable work had been conducted 
in the preceding decade on pandemic preparedness. In particular, responses to the H1N1 pandemic in 2009 led 
to continent-wide summits and the subsequent development of pandemic preparedness plans in 39 countries.10 
Whether and how this anticipatory work informed national action as COVID-19 spread has yet to be documented. 
While COVID-19 might have captured imagination in the Global North as the first major pandemic since the Spanish 
Flu, South Africans were already long familiar with pandemics and their chronicity and endemicity, HIV/AIDS and 
TB among others. While devastating, people were prepared for a measure of pandemic compliance, unseen in 
countries like the USA.

At the same time as urgent pragmatic actions were implemented by governments to contain COVID-19, scientists 
across disciplines also responded with speed. Many were able to draw on the social and intellectual capital and 
infrastructures of nearly four decades of science research and policy responses to HIV, and the long history of 
research across disciplines on TB and neglected diseases of poverty. This corps of highly trained researchers, 
and its resources and experiences, was quickly deployed to work on the virology, immunology and vaccinology 
of SARS-CoV-2.11,12 Those of us with an eye on scientific developments on the continent, sensitive to the ways 
in which science agendas are made elsewhere, must celebrate the role of African scientists in conducting critical 
research on COVID-19, and appreciate how it came about.
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In a series of manuscripts on which we are working13, we illustrate how 
the J&J trial, which was administered from the Masiphumelele Research 
Site in Cape Town from September 2020, was possible precisely 
because of the sustained work of its scientists on TB and HIV. Because 
of their day-to-day, year-to-year work on these pernicious endemic 
diseases, these scientists were able to quickly mount a clinical trial of 
the candidate vaccine for SARS-CoV-2. Money flowed to facilitate the 
collaboration of scientists across the USA, Latin America and India and 
to ensure the infrastructure, technical networks, and systems of patient 
recruitment and monitoring, so enabling the rapid development and roll 
out of the trial and the verification of results. The ready availability of 
resources in part reflected US presidential hubris; there was limited 
acknowledgement that this work was possible only because of decades 
of laboratory and population research on other diseases. In contrast to 
the work on COVID-19, this earlier research was often poorly funded, 
and research teams would wait to year end for advice on new funding 
and to learn if staff could be retained.

Other population-based research infrastructures in South Africa, 
including the Africa Research Institute in KwaZulu-Natal and the MRC/
Wits Agincourt Research Unit in Mpumalanga, likewise drew on systems 
and structures for population data collection, community engagement, 
and data management systems, developed over several decades, to 
initiate epidemiological and other studies on COVID-19.14,15 This was 
also true elsewhere on the continent (e.g. for Kenya16 and Senegal17), 
with numerous institutes and networks of scientists pivoting from other 
research to COVID-19. Intellectual and material infrastructure across 
Africa explains how innovations and basic and applied science projects 
were up and running so early in the pandemic, even as scientists 
grappled with shortcomings.

In speaking at a web-based Inkundla, held by the international network 
Future Earth prior to the Sustainability Research and Innovation Congress 
(SRI) (online and in Pretoria, 20–24 June 2022), Uzma Alam (Africa 
Institute for Health Policy, Kenya) argued the value of using COVID-19 as 
a case study of the flexibility and adaptability that characterise science 
on the continent. Others speaking in this webinar, such as Tom Achoki 
(University of Pretoria, South Africa) and Richard Wamai (Northeastern 
University, USA), made the same point, reiterating the value of governance 
frameworks such as the African Union’s Science, Technology and 
Innovation Strategy for Africa 2024 to ensure scientific competitiveness 
and economic transformation. They noted too the deftness of African-
based biomedical and social scientists, in laboratories and in the field, to 
enable focused responses to the pandemic.

But despite South African participation in this work, agendas are still 
set largely in the Global North, and funds flow accordingly. The tilt 
of agenda setting impacts profoundly on the capacity of scientists 
in South Africa and across the continent to maintain research 
programmes in areas in which they were trained, to maintain scientific 
and institutional competitiveness, and to contribute to reducing 
economic costs and social suffering of a wide range of diseases. 
Wider disparities in funding severely limit the competitiveness of 
African-based scientists, as Julie Livingston18 and Marissa Mika19 
have illustrated for oncology. In the excitement of new funding calls 
and increased resources, scientists across disciplines run the risk 
that important work, including basic, translational, implementation 
and social science research, is diverted when funds follow the shifting 
agendas set elsewhere.

Recognition of the politics of research, including in relation to funding, the 
flow of data, the appropriation of knowledge, and the acknowledgement 
of the work, varies across disciplines. While social scientists have 
argued the need for a ‘theory of the south’, even much of this discourse 
has been generated from scholars in the Global North, with limited 
acknowledgement of the empirical and theoretical work produced in ‘the 
South’. As scientists on the continent worked to temper the transmission 
of COVID-19, so the ongoing challenges of effective vaccines, improved 
treatments, and adherence to the management of other infections 
largely slipped from sight. But the continued transmission of HIV 
and other endemic diseases requires sustained and well-supported 

research, including the training of new researchers and maintenance of 
laboratories and community study settings. The risk with the diversion 
of effort, and consequent slides in funding to and distraction from core 
research, is that, as scientists, we might lose our intellectual edge as we 
struggle to have it recognised.
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Significance:
ILukuluku is the name of our African-language science communication podcast that includes curious Zulu-
speaking communities in scientific discourse. The podcast entertains and educates Zulu listeners of all 
ages, by breaking down complex scientific topics using facts, linguistic quirks and humour. We contend 
that the iLukuluku podcast is a practical, proudly South African example of how ordinary citizens, science 
communicators, translators, scientists, and black people in particular, can work together to communicate 
science beyond English.

Ilukuluku is a Zulu word for ‘curiosity’.

It is also now the name of one of Mzansi’s first African-language science communication podcasts that specifically 
includes curious Zulu-speaking communities in scientific discourse. Each episode is an entertaining, light-
hearted dialogue between Zulu-speaking hosts Ntokozo Nomasiko Msomi, a professional language practitioner, 
and Sibusiso Biyela, a professional bilingual science communicator. Msomi and Biyela worked on several other 
science translation projects prior to starting their podcast. During this time, they would often have lively debates 
with one another in a mixture of English and Zulu, in just the same way many other South Africans do. On many 
occasions, their conversations would boil down to how certain technical or scientific words and concepts, for 
instance ‘dinosaur’, ‘climate change’ or ‘planet’, just do not exist in Zulu. They would argue about how, or even if, 
the language could be developed to better express scientific concepts. They recorded some of their debates, and 
their ‘presenter chemistry’ was palpable to friends and colleagues who listened.

We were thus encouraged to share these often hilarious and gripping conversations with Zulu-speaking 
listeners from all walks of life. And so the iLukuluku podcast was born, as a collaboration between local science 
communication non-profit organisation SciBraai (https://scibraai.co.za/) and People Of Colour Podcasts (https:// 
www.pocpods.com/). The podcast immediately gained media attention in publications like the Weekend Argus1, 
and began trending the moment it was published on platforms like Apple iTunes, Spotify, and Google Podcasts. 
From a science communication and translation perspective, we believe that the podcast entertains, educates and 
includes Zulu listeners of all ages, because it breaks down complex scientific topics by blending facts, linguistic 
quirks and humour.

But we also believe that this podcast is part of something bigger; something we support with both ‘vigour’ and 
‘passion’, the other meanings of iLukuluku; and something for which there is strong evidence: by coining new 
terms to help ordinary folks talk about science in their own African languages, we can begin to undo the distrust 
of science, and the exclusion from science, that remain entrenched by the legacy of colonisation on the African 
continent.2-4 In fact, whether or not a person cares about the relevance of our colonial past, science communication 
research shows that talking to people about science in their own language does build trust in science.4 We therefore 
believe that translating science in African languages will include more people in the public understanding of science, 
science discourse and science education, and it can even improve health care.2

In this Invited Commentary, we contend that the iLukuluku podcast is a practical, proudly South African example 
of how ordinary citizens, science communicators, translators, scientists, and black people in particular, can work 
together to communicate science beyond English. We also argue that our podcast supports the broader African 
project of decolonising science and science communication, and so we are calling on potential funders who want 
to support our work to email us at info@sciencelink.co.za.

Is it even possible to talk about science in indigenous languages?
Yes, it is, because South Africa has done it before. In 1948, Afrikaans became the dominant language of the state 
after the Afrikaner nationalists secured a majority stake in parliament, which was the culmination of a decades-long 
effort to develop the Afrikaans language.5 This era also ushered in the policy of apartheid, and the Afrikaans language 
was used to assert dominance of the new white elite over the black majority of the country.5 This new dominance 
of a language that had been considered a ‘kitchen’ language not long before the 1950s, took decades of effort by 
Afrikaners.5 They preserved their language through literary works such as poetry, short story collections, and by 
developing lexicons. And they did all this with the understanding that language is a crucible of culture and ethnicity.

By the 1970s, the Afrikaner-led government had also long recognised the importance of science and technology 
in legitimising Afrikaans as a global language. They poured considerable state resources into developing scientific 
literature and other materials in Afrikaans, and they heavily promoted innovators in Afrikaans, such as Christiaan 
Barnard, the Afrikaner responsible for the first human heart transplant.3

To us, this is such a powerful example of inclusive science communication. It likely enabled Afrikaans-speakers to 
join the global scientific discourse, and to talk about science in their own language, in their own communities, and in 
their own homes. Indeed, the way Afrikaans was promoted in South Africa demonstrates that with the right political 
will, resources and pride in one’s mother tongue, it is possible to include an indigenous South African language in 
science communication. Just knowing it can be done is one of the main reasons we started the iLukuluku podcast. 
And yet, perhaps more importantly, the apartheid government’s Afrikaans language policies also reveal exactly 
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how enforcing non-native language discourse excluded indigenous 
languages from scientific discourse. This legacy, left across the African 
continent by oppressive regimes and colonialism, is why we know we 
need to continue working on projects like iLukuluku.

Language inclusivity builds public trust in 
science
The well-researched link between language exclusion and a lack of 
trust in science, particularly in South Africa, is worth expanding on. 
We hope a deeper understanding of this key issue will motivate science 
communicators, funders, academics and language practitioners to 
pour resources, like training and funding, into making science more 
accessible in indigenous languages.

By 1976, the apartheid government had decided that the medium of 
instruction in black schools also had to be Afrikaans. This of course 
led to the Soweto Uprising of 1976, during which young people had 
recognised that Afrikaans was a tool of the oppressor. They fought 
back against an ethnically based language policy that was forced 
onto the black majority, most of whom had already been subjected to 
the Bantu Education system that was designed to disadvantage them 
socio-economically.6 Even today, Afrikaans language policies still 
spark controversy in some elite South African universities that use it 
(completely legally!) to exclude black students.7

In the past, even scientific research itself had been used to exploit 
indigenous people around the world. Professor Linda Tuhiwai Smith put 
it best in the opening lines of her Decolonizing Methodologies8 book:

From the vantage point of the colonized, a position 
from which I write, and choose to privilege, the 
term ‘research’ is inextricably linked to European 
imperialism and colonialism… The ways in which 
scientific research is implicated in the worst excesses 
of colonialism remains a powerful remembered 
history for many of the world’s colonized peoples.8

This distrust in science is understandable. Anecdotally, many Zulu 
speakers use the colloquial saying, izinto zabelungu, which means 
‘things for white people’, when referring to science and technology.

Even in our own limited experience as school pupils in public schools 
in Gauteng and KwaZulu-Natal in the early 2000s, many of our peers 
feared maths and science, and considered these the most difficult of 
the subjects. Likely, many South Africans of all ages still relate to this 
perception today. We suspect that science and maths may be even 
more intimidating in South Africa than in other parts of the world, partly 
because these subjects were, and still are, mainly taught in English. 
This despite English being the second, third or even fourth language of 
millions in South Africa.9

To their credit, the post-apartheid South African government did 
recognise that the damage of colonialism and apartheid to indigenous 
languages had to be undone. In 1996, the South African government 
set out to preserve the heritage of South Africa’s rich diversity by 
introducing policies to develop the country’s nine indigenous languages. 
They intended to develop them all into languages of science too, so 
that knowledge could be created in those languages.3 Yet today, nearly 
30 years later, we still have very little science and maths materials in 
indigenous languages in schools or in public libraries. So, while the 
equality of indigenous African languages has been guaranteed by 
Section 6 of the South African constitution3, in our view it has clearly not 
been a political priority.

How iLukuluku helps develop Zulu as a language 
of science
One of the ways in which we want to cultivate Zulu in particular 
as a language of science, is to discuss science-related topics in a 
conversational, colloquial way in Zulu.

We felt that a podcast is the perfect platform because it is a popular 
and accessible digital medium. SciBraai, the non-profit science 

communication organisation with which we are affiliated, approached 
POC Podcasts for help because they too actively create spaces in 
popular media for voices in Zulu and other indigenous languages. Unlike 
how science is usually discussed at school or in popular media aimed at 
Zulu speakers, where a topic is presented as a (boring) lecture primarily 
in English, or peppered with anglicisms, Msomi and Biyela’s goal in 
each episode is to find or invent the Zulu words for a topic through 
conversation. And, although they draw on their professional experience 
and preparations to make informed, factual statements, their lively quips 
are unscripted. This gives the show a chat-around-the-braai-between-
friends vibe.

Biyela’s main role as co-host is to explain topics, like the Big Bang, how 
the immune system works and even dreams, in Zulu. Msomi then uses 
this new knowledge to translate or deduce new Zulu words around the 
topic. The nature of the Zulu language is that all sounds and words are 
phonetically consistent, which means that any new term a listener hears 
will be easy to spell. They would also understand the meaning behind it 
because Zulu terms tend to be self-explanatory. The listener goes along 
on the word-search journey, so that they can follow the reasoning behind 
any new terms that Msomi and Biyela coin. We think this approach also 
helps Zulu speakers gain an intimate understanding of the science, as 
compared to merely memorising borrowed English terms.10

Sibusiso Biyela (left) and Ntokozo Nomasiko Msomi (right), hosts of the 
iLukuluku podcast (photo credit: Sibusiso Biyela).

Biyela and Msomi also engage listeners on social media by inviting 
them to agree or disagree with the terms they coin, and listeners can 
even offer their own translations to enrich the communal lexicon. In the 
first episode, for example, we asked, “what is ‘dinosaur’  in Zulu? Is it 
idayinaso or is it igonqonqo?”. The idea for that episode came from a 
previous science communication project in which Biyela wrote about a 
dinosaur fossil discovery in Zulu, but struggled to find the words.11

In several other episodes, we noted clear differences in how certain 
natural phenomena are understood by English speakers versus Zulu 
speakers. For example, one listener did not know that the planet known 
as Venus in English was the same night sky object known as Ikhwezi 
in Zulu.

Table 1 gives an excerpt from Episode 212 which was about the Periodic 
Table of the Elements in which we broke down what an atom is.

In another discussion, we learned for the first time that sulfur, a common 
term heard in English chemistry classes, already has a name in Zulu: 
isibabuli. Interestingly, many Zulu-speaking learners would say iSulphur 
when talking about chemistry, not making the link to the medicinal yellow 
powder they were already familiar with outside of the lab, known in their 
own language as isibabuli.

These instances support the idea that there are asymmetries between 
English and many other African languages, as reflected in the history 
of colonisation in Africa.13 We are hopeful that our podcast can help to 
better align science discourse in our multilingual society. Our podcast 
is a ‘pilot project’ that experiments with the idea of bringing together 
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an experienced English-to-Zulu translator and an experienced science 
communicator, supported by people who believe that science should 
engage and include all members of society.

In this Commentary, we have tried to show that South Africans need 
more words to talk about climate change, black holes, energy, evolution, 
technology, health and other scientific topics in their mother tongue, and 
that it is in fact possible to translate science into indigenous languages. 
In sharing the rationale behind translating science, and how we try to 
engage people who speak indigenous languages in science, we hope 
it is clear how much of our ‘passion’, ‘vigour’ and ‘curiosity’ goes into 
science communication projects like iLukuluku.

If you also care about communicating science beyond English and want 
to know more, or if you are able to sponsor a season of iLukuluku, 
please email us at info@sciencelink.co.za.
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Speaker Zulu English (translated)

Ntokozo Yini i- atom? What is an atom?

Sibusiso

Uma ubuka leli tafula, uyakwazi ukulisika libe uhhafu, uphinde ulisike 
futhi uhhafu, nalowo hhafu kanjalo kanjalo kugcine sekuyizingcucu.

    

    

Ososayensi bakudala bazibuza ukuthi ungakwazi yini ulokhu 
uqhubekile forever, uthathe into enkulu uyenze into encane.

    

Labo sosayenzi bathi uma ikhona into enjalo, into engakwazi uku-
divide-ka uma usufikile kuyona—

Well, take a look at this table here, if you cut it in half, and cut that 
half in half again, and cut it in half again and so on, you end up with 
a lot of tiny pieces.

    

Scientists a long time ago asked themselves what would happen if 
you cut something like this forever, taking large things and turning 
them into smaller things.

    

Those scientists said that if there is such a thing that would be the 
smallest thing you could not divide—

Ntokozo
I- atom.  Ok, i- atom. Singasho yini ukuthi it is where all things 
originate?

That’s an atom. Ok, that’s an atom. Could we then say that it’s 
where all things originate?

Sibusiso

Singasho kanjalo, that’s what we used to think, kodwa akusa 
sebenzi kanjalo.

    

Abakaze bayithola leyo-atom ababeyifuna, so manje, basebethola 
ukuthi ayiyodwa i-atom ekhona, kunama-atom amaningi.

Yeah, we could say that, that’s what we used to think, but it doesn’t 
work like that anymore.

    

Those scientists never found such an atom they were looking for, 
so now, they actually found that there isn’t just one atom but there 
are many.

Ntokozo Kanjani futhi manje? Akukwazi phela! Wait, how is that possible? That can’t be!

Sibusiso
Ingoba phela izinto zenziwe ngezinto eziningi. Izinto ezenza amanzi 
akuzona izinto ezenza ipulangwe.

This is because things are made up of many other things. Things 
that make up water are not the same things that make up a plank.

Ntokozo
OK, sengiyakuzwa ukuthi uthini. Bengithi uthi uma ufika phansi kwi-
atom uthola ukuthi nawo maningi ama-atom.

Ok, I understand what you’re saying. I thought you meant that when 
you get down to the level of the atom, it is made up of many other 
atoms.

Sibusiso
Sisazofika kuyo i-atom ngoba ososayensi sebathola ukuthi nayo 
i-atom iya-divide-ka. Kodwa sizokhuluma nge-quantum physics.

We’ll get to that topic on the atom one day as scientists long since 
discovered that the atom itself still is divisible. But we will later talk 
about quantum physics.

Table 1:	 Excerpt from Episode 2 – Periodic Table of the Elements
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Significance:
The topic of the Fourth Industrial Revolution (4IR) became significant in South Africa from 2017, through 
advocacy, amongst others, by the University of Johannesburg and subsequently through the appointment of 
the Presidential Commission on 4IR. Preceding industrial revolutions each focused on a single technology; 
4IR, however, speaks to a confluence of technologies and a synergy of computing, data, and communications 
technology, with artificial intelligence rapidly redefining the world of work. Conceptual and geopolitical 
challenges and potential negative societal implications notwithstanding, we argue that the 4IR paradigm shift 
is critical to South Africa and to realising the Sustainable Development Goals.

Introduction
Around 2017, while not new in nomenclature, a strong pitch for the Fourth Industrial Revolution (4IR) developed 
in South Africa. The University of Johannesburg (UJ) was a key advocate, and 4IR soon became a significant 
undertaking through various national and regional processes, such as the appointment of the Presidential 
Commission on 4IR and the role of UJ as a Pan-African epicentre for critical intellectual inquiry. UJ, supported 
by its Council, committed to over ZAR500 million (UJ Council resolution, March 2019) in 4IR and associated 
change management processes over a 5-year period. UJ’s systemic and systematic approach offered both 
breadth (a transdisciplinary approach) and depth (progressing the technical discipline of artificial intelligence (AI) 
specifically). In terms of the latter, UJ hosts the Institute for Intelligent Systems, now a significant partner for both 
government and industry. 

The conceptual debate
Around the world, and in South Africa, 4IR as a concept is much debated. At the centre of this debate is the fact 
that previous industrial revolutions had at their core a single revolutionary breakthrough or innovation. The First 
Industrial Revolution occurred during the late 1700s and early 1800s, and was characterised by the rise of steam-
powered machinery and widespread utilisation of the power loom. The Second Industrial Revolution, from the 
late 1800s to the early 1900s, introduced mass production techniques and the widespread adoption of electricity. 
The Third Industrial Revolution during the latter half of the 1900s was propelled by advancements in computer and 
digital technologies. 

4IR, on the other hand, is characterised by the convergence of multiple technological breakthroughs, particularly in 
AI and machine learning. It enables physical, digital, and biological systems to converge, leading to smart factories, 
integrated workflows and new lifestyles. 4IR is significantly different from past industrial transformations due to 
the combination of technologies involved, and is expected to have a much wider range and a stronger impact on 
people’s lives than previous industrial revolutions.1 

AI integration into several industries is already in progress and is anticipated to bring considerable benefits. 
The technology is expected to drive productivity and efficiency, by augmenting repetitive tasks and processing 
massive amounts of data. Moreover, new jobs are being created in fields such as data analysis and software 
engineering for those skilled with AI-based products, services and the product–service continuum. By incorporating 
AI into specific areas, novel products and services will be developed. 

4IR is facilitating rapid technological evolution, which presents a range of open questions in terms of 
conceptualisation and societal implications. These current developments will surely provide novel solutions to 
existing problems, or cause disruption – or both. Stakeholders must be prepared to navigate this complex dynamic 
going forward. 

The term ‘industrial revolution’ is coming under scrutiny, given that the current landscape of technology has shifted, 
leading to a need for a more nuanced and comprehensive term. The increasing complexity and interconnectedness 
of technologies requires a broader interpretation than is traditionally offered by the phrase ‘industrial revolution’. 
A more accurate phrase is needed to appropriately reflect the current state of technological advancement.

We argue that there are many indications that the period of significant transformation we are currently experiencing 
can indeed be termed the 4IR. Emerging technologies like AI, robotics, the Internet of Things, blockchain and 
quantum computing are revolutionising many aspects of our lives, such as workflows, communication systems, 
and access to information. Everywhere we look, there are indications that we are experiencing an enormous 
transformation – ranging from how we interact with one another to how we gain access to information.

Exponential growth in AI technology is largely attributed to advancing computing abilities, bolstered data storage 
and processing capabilities, and the widespread utilisation of high-speed Internet access. This acceleration in AI 
development and deployment has been heavily facilitated by technological advances made over the last few decades.

The Internet of Things, connected devices, and cloud computing have democratised AI solutions. This means 
that businesses, of any size, can now access and deploy AI solutions to automate processes across different 
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spheres. As a result of these developments, a new wave of innovators is 
arriving on the scene – and leveraging AI to tackle various economic and 
societal issues. All these developments do indeed suggest that the term 
‘revolution’ is appropriate. 

From a geopolitical perspective, 4IR is being driven, primarily by the 
West, especially the World Economic Forum. This raises the important 
question of whether this agenda accurately reflects the needs of other 
regions. However, when one sees increasing technological and AI 
developments occurring, independently, in China, East Asia, and parts 
of India, it is possible to conclude that 4IR has a larger global reach than 
initially thought. This emphasises the significance Africa should play 
from its unique perspective to keep up with global trends and to redefine 
4IR to promote socio-economic inclusivity.

As 4IR has emerged as a major driving force of innovation, technology, 
and economic growth on the global stage, South Africa has taken note. 
It is imperative that South Africa capitalises on the advances of 4IR 
to further its development objectives. Therefore, this topic deserves 
ongoing discussion as it continues to be of utmost importance in the 
current landscape. 

South Africa is currently confronted with an energy crisis, which 
requires multiple approaches to be tackled successfully. In this context, 
4IR technologies and thought paradigms might well be useful when 
searching for viable solutions. However, this situation is too complex to 
be adequately explored in this article.2 

With escalating global competition, South Africa has strategic 
opportunities to take the steps needed to bring its development up to 
date. The implementation of 4IR technologies and advancements can be 
used to propel the nation to overcome roadblocks that have previously 
held it back; these include poverty, inequality, and unemployment. 
The adoption of technological innovation could be key towards 
accelerating the development needed to improve South Africa’s future. 
However, automation and AI technologies have undoubtedly created job 
losses and increased income inequality. The implementation of these 
systems has also sparked debates about privacy and security concerns 
as well as raised questions regarding ethics and bias in AI.

In this article, we argue that 4IR is crucial for South Africa. 4IR has 
instigated a necessary change in perspective and, by fostering 
innovation, is revitalising optimism and presenting opportunities for 
rapid advancement. Additionally, we contend that 4IR or similar thinking 
will be vital in fulfilling the United Nations’ Sustainable Development 
Goals (SDGs).3 These 17 goals were established by the United Nations 
in 2015 to advance sustainable development and tackle pressing global 
issues, including education, poverty, and health and well-being. Given 
that 4IR is at the forefront of worldwide innovation, South Africa has 
the opportunity to leverage technological innovations to attain the SDGs.

At the same time, South Africa has the opportunity to contribute in 
alternative ways to 4IR’s advancement and to the SDGs. For example, by 
incorporating African value systems into developing technologies, such 
as the creation of the operating system Ubuntu (Linux) to ensure that 
‘Ubuntu’ principles were incorporated. Ubuntu is a societal value system 
from the African continent and stands for ‘I am because you are’. Ubuntu, 
the operating system was founded by Mark Shuttleworth, a South African 
entrepreneur. The Ubuntu value system and the associated operating system 
have prolifically progressed open access globally. This brings a unique 
edge to several SDGs – including SDG 17 (Sustainable Partnerships).4 The 
worldwide goal of achieving the 17 SDGs by 2030 seeks to ensure that no 
one is left behind and there is a brighter and more sustainable future for 
all. All nations are called upon to advance sustainability and preserve the 
earth, regardless of wealth and disadvantage. 

We recognise that the implementation of 4IR in South Africa has 
challenges. The country must address the digital divide, the unequal 
distribution of technology and Internet access. This is a significant 
challenge for South Africa, as many of its citizens still lack resources 
such as technology and Internet connectivity, which makes it difficult 
for them to participate in 4IR. Compounding all of these, South Africa’s 
digital divide is also a function of extreme social inequality. 

Some argue that South Africa, owing to the current energy crisis, should 
instead pursue 3IR. While we recognise this approach, the 4IR thought 
paradigm allows individuals to leapfrog in thinking – for example, instead 
of thinking of only an electricity grid, one can think about a smart grid. 
The latter, with AI enablement, creates an array of opportunities – innovative 
business models, policies, technological advancements, a sustainable 
environment, and others. Furthermore, energy infrastructure is a long-term 
investment, and if these issues are not considered at the outset, the costs 
of addressing these at a later stage will be significantly higher. 

South Africa must also enhance its education and training to ensure 
that its citizens have the skills necessary to advance 4IR and reap the 
benefits thereof. Like the rest of Africa, South Africa has the demographic 
advantage of a young population; this group is technology-savvy and 
could be rapidly deployed to form a ‘4IR movement’. Universities are a 
microcosm of society. Considering this analogy in terms of 4IR, UJ is an 
exceptional example of what can be achieved; the university’s 2021/22 
ranking as number 1 in South Africa by the Times Higher Education (THE) 
Impact Ranking further demonstrates international acknowledgement. 

Fighting poverty through 4IR 
The global community continues to grapple with poverty – an issue that 
has been further exacerbated by the COVID-19 pandemic. With millions 
pushed into poverty and economic hardship, solutions are urgently 
needed. Fortunately, 4IR technologies have tremendous potential for 
alleviating poverty and improving living standards. It is up to policymakers 
and stakeholders around the world to identify ways in which 4IR can be 
harnessed to make a real difference in the fight against poverty.

One of the critical mechanisms of 4IR in helping to end poverty is the 
gathering and analysis of data. With the increased use of technologies 
such as big data and AI, vast amounts of information can be collected 
about poverty levels, living standards, and the distribution of resources. 
This information can inform policies and initiatives to reduce poverty, 
making them more effective and targeted. Data analytics must, however, 
be done at an aggregate level to ensure the highest ethical standards. 

Another way that 4IR can contribute to ending poverty is by creating 
new economic opportunities. The digital economy and e-commerce 
enabled by 4IR technologies provide new avenues for economic growth 
and job creation, especially in developing countries where traditional 
employment opportunities may be limited. The digital economy is 
particularly well suited to the needs of developing countries, as it is 
less dependent on physical infrastructure and can provide people with 
access to global markets and customers. For instance, in 2021, the 
South African government introduced the ICT special economic (tax) 
zone incentivising the establishment of businesses in the virtual space. 

Improving education through 4IR 
SDG 4 requires that we ensure equitable quality education for all and 
create lifelong learning opportunities. AI and machine learning can be 
leveraged to optimise and personalise educational content, customising 
it according to individual learner needs and parameters.

On the other hand, by using gamification, virtual and augmented reality 
can make education more engaging, interactive, and enjoyable for 
learners, helping to foster a lifelong love of learning.5 Technologies can 
also provide a more inclusive learning platform or bridge for students 
who are differently enabled. 

Data collection and analysis using educational technologies is an 
effective way to gain insight into the learning process. This information 
can then be used to help teachers and administrators make decisions 
about how to enhance student learning outcomes.

Solving water-related crises through 4IR 
SDG 6 aims to provide universal clean water and access to sanitation. 
Despite the current efforts of the South African government, work 
towards achieving this goal needs to accelerate due to the rapidly 
increasing demand for reliable water sources, and especially in view of 
climate change. 
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The water industry is gradually beginning to adopt 4IR technologies. 
Countries worldwide are exploring ways to introduce these innovations 
to improve public health and simultaneously increase economic 
opportunities for their citizens. Implementing such measures will bring 
many benefits over time. 

Improving health and well-being through 4IR
The health sector has already drawn extensively on 4IR. Early evidence 
indicates that this has had an immense impact.6 

4IR can improve access to health care and support the prevention 
and management of disease. For example, telemedicine and mobile 
health applications can provide remote consultations and support to 
people who live in distant areas or have limited access to healthcare 
facilities. Wearable technology and sensors can also monitor health 
metrics in real time, allowing for early detection of health issues and 
prompt intervention. Furthermore, AI advances traditional methods of 
diagnostics; this complementary approach extends the limited resources 
available in developing parts of the world. 

Recommendations
Governments, businesses, and civil society organisations must work 
together to ensure all communities can access affordable, reliable, high-
speed Internet connectivity. This includes investing in digital infrastructure 
and providing digital skills training with particular emphasis on youth and 
historically disadvantaged communities. By advancing the ICT economic 
zone initiative, governments can also provide subsidies or other incentives 
to promote the adoption of new technologies and entrepreneurship.

Additionally, governments can establish regulations and standards that 
safeguard personal information and prevent cyberattacks. Zero-rating of 
education opportunities, including around cybersecurity, can be another 
effective approach. 

Governments can also establish partnerships with the private sector, civil 
society organisations, and academia to drive innovation and promote the 
development of new and appropriate technologies that further advance 
the SDGs. 

In an overarching manner, and across the three tiers of government, 
recommendations such as those made in the Presidential Commission’s 
report7 must also be implemented. 

Conclusion 
While we acknowledge the conceptual definitional ‘mismatch’ of 4IR 
in the context of industrial revolutions, the confluence of technologies, 
and particularly AI, is significant today, and requires focused and 
continued attention. For this reason, we agree with the World Economic 
Forum and others that this AI-associated confluence deserves 
‘revolutionary’ recognition.

It is crucial that the benefits of 4IR are shared equitably across society and 
that countries address any negative implications. Going forward, proactive 
steps must be taken by governments, businesses, civil society, and other 
stakeholders to fully understand the impact of technology on society. 

We must take a multifaceted approach to technology that considers 
its implications in the broader societal and political context. A more 
integrated method of technological progress, which draws upon the 
insights of various disciplines and stakeholders, will foster a sense of 
collective ownership. What is needed is an innovative framework for 
developing technology with an ethical underpinning which emphasises 
fairness, sustainability, and justice.
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Significance:
Moll, Marwala, and Ntlatlapa highlight salient criticisms of terminologies and definitional uncertainties 
associated with the term ‘Fourth Industrial Revolution’ (4IR). Scientific research on technological change 
seems to suggest a need for theoretical synthesis to address a failure of 4IR notions to consider the central 
role of a revolution in the scientific/knowledge creation process itself – that is seemingly a causal driver of 
current technological and societal changes. The term ‘Fifth Industrial Revolution’ might helpfully be used to 
differentiate 4IR debates from those deriving from revolutionary changes in science itself that may underlie 
our current trajectory of technological change.

Moll1 argues there has been “no technological revolution, let alone a ‘Fourth Industrial Revolution’” (4IR). He refers 
to Schwab’s2 World Economic Forum discussions of the 4IR:

We have yet to grasp fully the speed and breadth of this new revolution. Consider the 
unlimited possibilities of having billions of people connected by mobile devices, giving 
rise to unprecedented processing power, storage capabilities and knowledge access. Or 
think about the staggering confluence of emerging technology breakthroughs, covering 
wide-ranging fields such as artificial intelligence, robotics, the Internet of Things, 
autonomous vehicles, 3D printing, nanotechnology, biotechnology, materials science, 
energy storage and quantum computing, to name a few. Many of these innovations are 
in their infancy, but they are already reaching an inflection point in their development 
as they build on and amplify each other in a fusion of technologies across the physical, 
digital and biological worlds. 

For Moll1: “What I want to question is the way we use the word ‘revolution’ to describe and understand our 
activities. On that score, I argue that we have not witnessed a ‘grand’, overall technological revolution in recent 
times. It is important that scientists and technologists understand this.” In response, referencing Kuhn, Marwala3 
argues the 4IR represents “a scientific paradigm shift” and that Moll’s “argument that the 4IR does not constitute 
a revolution is thus unfounded”. Ntlatlapa4 also challenges Moll’s conclusion that changes associated with the 4IR 
fail to meet “the criteria for an industrial revolution”.

These debates reflect contested definitional understandings of technological change in scientific literature. Scholarly 
scientific perspectives of contemporary technological change, and its societal implications, abound, typically 
couched in metaphors such as that of 4IR2, Industry 4.05, the First, Second, and Third Industrial Revolutions6, and 
the ‘second machine age’7, amongst others. 

Research on the topic has sought to discover core theoretical mechanisms, or fundamental causal drivers of 
contemporary technological changes. Recent studies of contributions of technological changes in scientific 
research and biomedicine8,9 and disaster response10 suggest some patterns in how roots of societal technological 
change might derive from innovations in the scientific or knowledge creation process itself. These patterns are 
relevant to the debates Moll, Marwala, and Ntlatlapa engage with.  

These patterns suggest the central role of innovations in the scientific process itself are not sufficiently considered 
in popular debates about industrial revolutions. Revisiting the key notion of ‘productivity’, and relating productivity 
revolutions to some scientific ideas, one might describe the current ‘revolution’ we are about to fully experience, 
as a ‘Fifth Industrial Revolution’ (5IR).11,12

In light of Moll’s, Marwala’s, and Ntlatlapa’s discussions, one might criticise the introduction of yet another term 
for the confluence of technological change we face. Indeed, many technological developments, including ChatGPT, 
have been associated with a dramatic change in technology use, and, irrespective of terms like 4IR and 5IR, these 
impacts are tangible and quantifiable. However, the 5IR stream of literature11,12 seems concerned with a ‘revolution’ 
in productivity that becomes evident or measurable at the aggregate level (which is arguably yet to materialise – see 
Robert Gordon’s extensive work on the topic). 

It is entirely possible that AI might now ‘show up’ in the aggregate productivity statistics and drive a global 
productivity revolution. In that the 5IR literature focuses on the aggregate level and is concerned with identifying a 
‘revolutionary’ increase in global productivity growth, we might therefore expect this to inevitably occur at some 
time in the future.  

The 5IR literature has built on the 4IR literature, and is complementary to previous literature. As such, it does not 
seek to ‘replace’ the 4IR in current terminology because 5IR is concerned with extending scientific work on the 
aggregate relationships between technological change and global productivity growth. 

Why is the aggregate level important? Schumpeterian theory predicts that, as new technologies develop, they 
can disrupt pre-existing products, processes, businesses, and other previous knowledge recipes – making them 
obsolete.13 Thus, technological innovation can also create obsolescence, and it is only at the aggregate level that 
we can see the net results of overall systemic change. Technological change is typically path dependent14,15 and 
there is no guarantee that it proceeds in a societally optimal way. An example of this is the QWERTY keyboard, 
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which was built to slow down typing to accommodate limitations of 
mechanical typewriters. 5IR literature therefore seems interested in 
overall, or aggregate, productivity growth. 

Therefore, 5IR might be a useful term to describe a synthesis of the 
proliferation of some of the definitions and descriptive popular debates 
associated with the 4IR, to build a separate literature that extends these 
debates with a focus on scientific work on global productivity growth. 
Two rationales summarise some patterns and trends in the scientific 
literature on technological change. 

First, the 5IR concept acknowledges widespread popular use of 
the term 4IR, but the new term 5IR may be necessary to re-anchor 
debates about productivity revolutions in scientific work often ignored 
in popular discussions.11

The primary industrial revolution has been discussed in terms of its 
radical productivity enhancements that caused radical societal change.16 
As discussed in the following sections, anchoring debates to scientific 
work on productivity may offer us a more scientific (historical) definition, 
as few would disagree that radical societal change has historically 
occurred due to productivity revolutions. 

Second, and relatedly, building on Moll’s1 criticism of “fanciful, rhetorical, 
science-fiction like evocations”, setting aside popular (or populist) 
notions of these phenomena, and other descriptions of the 4IR that are 
largely descriptive and atheoretical, one might ask, what does scientific 
study of technological change tell us? Is there a pattern that is grounded 
in scientific work that can unite popular debates? 

Many popular debates seemingly do not sufficiently draw from seminal 
scientific notions of technological change17 and the evolution of this 
literature that explicitly models it theoretically13,18,19. Similarly, these 
debates do not seem to engage sufficiently with current ongoing 
scientific conversations on the topic.20-22

What seemingly unites the scientific literature is a simple notion – that 
many historical advances, or revolutionary improvements in quality of 
life, in human history were driven by the same phenomenon: a step 
change in the way we generated knowledge – the effectiveness of our 
scientific system itself23. In Nielsen’s23 words:

Revolutions are sometimes marked by a single, 
spectacular event…But often the most important 
revolutions aren’t announced with the blare of 
trumpets…We are in the midst of a great change 
in how knowledge is constructed…A change 
of similar magnitude is going on today: we are 
reinventing discovery…To historians looking back 
a hundred years from now, there will be two eras 
of science: pre-network science, and networked 
science. We are living in the time of transition to 
the second era of science. 

Nielsen gives examples of very large-scale projects, such as the Polymath 
Project (solving difficult mathematical problems using crowdsourcing), 
GenBank (collecting global genetic information), Wikipedia (the online 
encyclopaedia), and Galaxy Zoo (mapping the galaxy using global 
participants), that seem to demonstrate revolutionary productivity in 
scientific knowledge production.

Nielsen’s examples seem to highlight the workings of some causal 
mechanisms underlying these radical productivity improvements, and 
some of the ‘why’ of current technological change. Building on Nielsen’s 
work, the term 5IR might therefore usefully provide a synthesis and a 
clear logic (differentiated from fragmented 4IR thinking) to argue that a 
productivity revolution is currently underway due to the causal influence 
of radical innovations in the scientific research or knowledge creation 
system itself. 

Thus, instead of a 4IR focus largely on the outputs of this revolution, or its 
‘contents’, 5IR thinking should focus more precisely on the fundamental 
cause of this change. This change seems to be caused by a revolution 
in how we generate knowledge – not simply regarding (big) data and 

information – but in the scientific/knowledge creation process itself9 and 
a coming paradigm change in scientific research itself24.

Nielsen’s23 explanations of the causal mechanisms underlying this 
revolution also seem to reconcile an important paradox in the science/
technology literature – of the failed predictions of Romer’s25 and other 
endogenous growth models, as well as recombinant growth theory26, 
to reflect in evidence of constant or increasing returns to scale of idea 
creation. Romer’s Nobel Prize winning work suggests that productivity 
results from non-rivalrous ‘knowledge recipes’ that, once created, can 
often be used by others at little cost. In short, this should ultimately 
improve productivity over time, with increasing returns to scale in 
knowledge creation. This body of work is based on rigorous theoretical 
modelling, and this failure seems to be at the crux of debates about the 
failure of technological change to deliver radical aggregate productivity 
enhancements. It recalls the longstanding Solow Paradox, whereby, 
according to Solow himself in the late 1980s, you “can see the computer 
age everywhere but in the productivity statistics”.20,27

This failure seems well documented28-33, and also seems to be related 
to what Jones28 describes as a ‘burden of knowledge’ effect, analogous 
to Romer’s own description of a ‘fishing out’ effect in research. 
The argument here is that science – the research process itself, and 
theoretical models featured in discussions deemed worthy enough to 
earn their theorists Nobel awards – seem to underlie predictions of the 
fundamental trajectory of technological change. 

In short, Romer’s work seemingly has a radical implication – that returns 
to the creation of ideas could possibly be exponential, demonstrating 
increasing returns over time. Nielsen’s work may offer evidence of how 
these returns can be achieved, and reasons for why social structures of 
science are slowing these shifts. As suggested by Neo-Schumpeterian 
theory, economic and technological advances are typically held back by 
socio-institutional forces of human societies.34

Moll, Marwala, and Ntlatlapa’s insightful discussions provide a useful 
reference point to highlight the broad and fragmented nature of broader 
4IR debates. These 4IR debates could be supplemented to include 
reference to an extensive body of theoretical and empirical work on 
how changes in the knowledge creation/scientific process itself may 
also explain the current trajectory of technological change. The term 
5IR might helpfully differentiate 4IR work to include a primary focus 
on science itself and a revolution within science. This revolution in the 
processes of science may fundamentally be driving a mode transition, 
from declining returns to idea creation to increasing returns. As Nielsen23 
predicts, there will ultimately be no doubt that we are in the midst of 
a revolution, if the revolution entails the reinvention of discovery itself. 

In conclusion, some implications derive from discussions above that 
extend previous work on predicting outcomes of technological change.35

First, Amara’s Law, that ‘we tend to overestimate the effect of a 
technology in the short run and underestimate the effect in the long 
run’36 implies that if the radical changes predicted by Romer and Nielsen 
do arise from idea proliferation then they will be profound. Although 
some have argued that the most impactful technological changes have 
largely been limited to Internet and communication technologies and 
entertainment7 – which seemingly supports some of Moll’s observations 
that large-scale change is yet to be experienced – 5IR logics suggest that 
large-scale societal change will now accelerate.

Second, and finally, probabilistic innovation theory10 predicts (perhaps 
fancifully) not only increasing returns to scale in research, but ultimately 
that real-time research productivity will be possible, and that research 
will ultimately be able to solve all ‘solvable’ problems – problems 
that are inherently solvable. We might all agree that not even ‘fanciful, 
rhetorical, or science-fiction-like evocations’ can describe what such a 
future would look like. More critical engagement in these conversations 
is urgently needed. 
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Significance:
The current initiative to export African cheetahs to India has a limited scientific basis, placing the Asian 
subspecies and the translocated animals at risk. There is no evidence that this will benefit African cheetah 
conservation. We call for a globally coordinated approach to cheetah conservation, based on sound science.

Failed conservation actions waste money and can result in sink populations where species decline and ultimately 
may go extinct. We, therefore, cannot afford any failed conservation efforts, and poor conservation decisions 
should be avoided. The recent translocation of 20 African cheetahs, Acinonyx jubatus jubatus – 8 from Namibia 
and 12 from South Africa – to a reserve in India, with the aim to establish a free-ranging population of cheetahs in 
and around the release site, and with further multiple translocations planned from South Africa, raises concerns 
regarding the scientific basis of these translocations and their contribution to conservation. Recent statements 
by project scientific advisory members that it is actually an “experimental reintroduction of cheetahs into India”1, 
suggesting that the outcome is uncertain, raises additional ethical concerns.

We clarify these concerns and suggest future actions in the context that this initiative may serve as a sink for 
African cheetahs.

1. Is it good science?
The Asiatic cheetah, A. j. venaticus, is extinct in India and should not be replaced, without appropriate scientific 
consideration, by the African cheetah. The relict population of the Asiatic cheetah in Iran holds the only extant 
members of the subspecies with an estimate of 50 mature individuals.2 Genetic evidence points to historical 
translocations of African cheetahs to India3, and others even suggest that the cheetah was never indigenous 
to India4. This makes the Iranian population even more valuable, as it does not appear to have been hybridised 
through anthropogenic contact with the African cheetah.3 The genetic integrity of the African and Asian cheetah 
lineages should therefore be maintained.5 The current translocation to India carries the risk of future outbreeding, 
ultimately swamping the Asian lineage if African cheetahs were to come into contact with Asiatic cheetahs through 
uncoordinated translocations or even natural dispersal from future introduced populations.

Numerically, the founder African cheetah population in India (20 individuals6) is smaller than the relict A. j. venaticus 
population in Iran. Therefore, we argue that the recovery of the Iranian population could, in the long term, with 
concerted conservation and political investment, provide more appropriate animals for the Indian restoration 
project, with direct conservation value to the subspecies and a low risk of compromising genetic integrity.

As the founder population (20 cheetahs) and the maximum number of cheetahs (36 cheetahs)6 that can be supported 
at the Indian introduction site are too small to avoid breeding between related individuals, they will be highly 
vulnerable to stochastic demographic risks7. Related cheetahs will need to be removed from the Indian population 
on an ongoing basis to ensure that inbreeding does not occur, and to allow for demographic management of the 
population. Clearly, this introduced population is, therefore, not viable and will need recurring supplementation, 
representing an ongoing drain on African cheetah populations and scarce conservation resources. 

The estimated 21–36 cheetahs that can be sustained at the release site was determined through prey-base 
calculations.6 This is a well-tested and commonly utilised method for evaluating reintroduction viability. However, 
in a contradictory statement, the lead author of the Action Plan for Introduction of Cheetah in India has claimed 
that the release area can probably only sustain 15 cheetahs.8 This raises concerns about the quality of the data 
and the analyses thereof on which the Action Plan is based, and supports concerns around the prey and space 
requirements of cheetahs in India.9 With 20 cheetahs already introduced, two subsequent deaths10, the birth of four 
cubs and another possible pregnancy11, the population of more than 23 cheetahs could likely be exceeding the 
capacity of the prey base. 

The viability analysis, risk assessment and data on which these are based for this project are not available for 
scientific scrutiny. As such, it is impossible to evaluate what risks were identified and how they were mitigated 
against. This is particularly important in this scenario in which the animals are likely to come into contact with novel 
pathogens, unknown and unpredictable ecological interactions (including predator–prey and interspecific carnivore 
guild interactions), a high poaching threat12 and undefined conflict with humans. Many of these uncertainties 
could be reduced and proactively mitigated against by using published science on the biology of the species, e.g. 
cheetah spatial ecology has been used to predict the long-distance post-release movements exhibited by particular 
cheetahs in India.13

No clear exit strategy, as required by the IUCN Guidelines for Reintroductions, has been defined should the project 
not succeed or cause unpredicted harm to other wildlife or humans. Cheetahs are expected to be returned to Africa 
for demographic management14 or through experimental failure and the African cheetah population will be exposed 
to unknown risks from these returned animals. 

In South Africa, there is no formal, peer-reviewed metapopulation management plan for cheetahs in fenced 
reserves. Management of these cheetahs is fragmented and not formally goal-driven at a national level. Data for 
the metapopulation, upon which the sustainability of the India project is assessed, remain unpublished6, including 
population size, growth rates, sex ratios, demand for cheetahs in South Africa and the number of cheetahs needed 
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to maintain the metapopulation. No modelling or sensitivity analysis has 
been published using recent data on the possible long-term impact of 
removals on the South African population. 

Claims of South Africa having ‘excess cheetahs’ in the metapopulation are 
used to support the Indian reintroduction6, yet there are no data to support 
this. Simultaneously, captive cheetahs are being used to supplement the 
metapopulation within South Africa.15 About 9% of the total metapopulation 
has been supplemented with 39 captive animals (~66% of these since 
January 2019).14 This indicates the opposite scenario to an excess in 
the metapopulation.  

Despite claims to the contrary1, we hold that this project has not made the 
best use of available science or used best scientific practice in its planning. 

2.	 Does it support cheetah conservation?
Conservation projects should not compete by consuming funds or 
redirecting the limited funding available. The Indian cheetah project will 
cost approximately USD50–60 million to create three small populations.6 
This funding could be used for in situ projects that directly benefit the 
conservation of extant Indian wildlife, e.g. tiger Panthera tigris and Gir 
lion Panthera leo leo conservation or cheetahs in Africa. 

Scarce conservation habitat should be allocated to the conservation 
of indigenous species and not be occupied by exotics, as per the tiger 
‘conservation’ projects in South Africa (e.g. Tiger Canyon and Save 
China Tigers) and the proposal to take rhinos to Australia.16 There is also 
evidence that progress on a long-standing critical Gir lion conservation 
project has been disrupted due to the cheetah reintroduction at the 
same site and may even be halted by legal action as a result.17 Clearly, 
these translocated African cheetahs will be displacing indigenous 
conservation opportunities. 

Sending African cheetahs to India on an experimental basis generates the 
perception of an excess of African cheetahs and, by extension, that African 
populations no longer need conservation. Yet, at a continental scale, the 
cheetah is in decline.18 Furthermore, there are areas in Mozambique, 
Malawi, Zambia, Angola, and several West African countries of sufficient 
size, with sufficient prey, that could be restored for cheetahs within 10 years, 
either naturally or through assisted recovery if effective conservation 
action is taken.19 There have been several successful reintroductions into 
such areas, where cheetahs sourced from South Africa were reintroduced 
into well-protected parks.1,20 Restoration projects in these countries 
directly benefit cheetah conservation and local ecosystems in the African 
subspecies’ historical range. They indicate a growing need for African 
cheetahs within Africa, rather than an excess. 

An unpublished Population Viability Assessment using data from 2017 
was used to guide an export quota of 13 cheetahs from South Africa 
for reintroduction into range states per year.21 The plan is to send 
12 cheetahs per year for 10 years from South Africa to India and 12 have 
already left for India.22 This is the maximum amount that is potentially 
available from the metapopulation, leaving no cheetahs for restoration 
into African range states. Clearly, these cheetahs should remain part of 
Africa’s natural heritage16 and be used to maximise the conservation of 
African species and benefit African people. 

The 50% mortality rate of cheetahs predicted for the Indian reintroduction6 
is much higher than the observed survival rate of 85% for reintroductions 
in the metapopulation in South Africa23. The predicted mortality rate in 
India is aligned with the relocation of damage-causing animals in the 
large areas of unfenced Namibian farmland24, where cheetahs roam 
outside protected areas and are vulnerable to persecution and other 
anthropogenic threats. The cause of this predicted high mortality rate 
in India is not identified, and suggests a lack of resources to properly 
maintain the population, a lack of understanding of the reintroduction 
process or general unsuitability of the area for cheetahs. 

Ten of the current tranche of 20 cheetahs are expected to die as a 
consequence of this translocation (with more to follow); one female 
cheetah has died due to what appears to be a pre-existing renal condition9, 
another due to what appears to be a stress-related condition6 and two 
cheetahs escaped causing conflict with villagers, with one cheetah being 

stoned and possibly injured25 and multiple captures needed to return 
them to the park and one returned to captivity. It appears that the welfare 
of the animals is being compromised through a lack of mitigation of 
threats to their post-release survival and inadequate fencing, and the 
conservation potential of the animals is being squandered.

The South African fenced metapopulation model for cheetah conservation 
is unique. These cheetahs are maintained in fenced reserves, away 
from human populations and livestock and are generally habituated to 
vehicles and often also to people on foot. The cheetahs sourced from 
Namibia were wild born, but have been maintained in captivity, also 
making them habituated to people and unsuitable for release in the larger 
reserve.11 There is evidence that the female cheetahs taken to India from 
Namibia have not been ‘rewilded’, will not be released into the larger 
reserve, and have been allowed to breed in fenced enclosures as part of 
a captive-type breeding project.11 Therefore, these animals may not be 
ideal candidates for creating a founder population of wild cheetahs in an 
area where people and livestock are not excluded, as planned in India. 

The potential for human–wildlife conflict is elevated when habituated 
animals come into contact with humans and their livestock. Large-scale 
sensitisation programmes are required to prevent conflict, as cheetahs can 
roam far beyond park boundaries. Conflict-related killing is a leading threat 
to cheetahs across their range18, with few conflict mitigation projects 
being effective in the long term26, and good legislative frameworks as 
preventative tools1 do not prevent the killing. Two cheetahs have already 
left the reintroduction site. One roamed more than 20 km into a village 
where villagers, fearful for the lives of their children and livestock, threw 
stones at the cheetah and it was possibly injured. The cheetah has been 
returned to the park.25 The other cheetah is still at large and has reportedly 
‘triggered panic among the surrounding villagers’27. If the prey base 
becomes depleted due to unsustainable predation, as suggested, then 
breakouts can be expected to increase. This human element amplifies the 
risk of creating a sink for African cheetahs in India.

Conclusion and the way forward
The recent global commitment to increase protected area targets at the 
United Nations’ Convention on Biological Diversity (CoP15) should lead 
to an increase in protected areas, creating more opportunities for African 
cheetahs in Africa.

A more coordinated and science-based approach to cheetah conservation 
globally is needed, particularly in light of the recent warning that cheetahs 
are in a more precarious position than indicated by their current IUCN 
“Vulnerable” status.18 In situ conservation action for Asian cheetahs 
should be prioritised and supported. Within Africa, a range-wide science-
based metapopulation plan must be developed for cheetahs in fragmented 
populations. A collaborative peer-reviewed exercise must identify and 
prioritise suitable areas for indigenous cheetah restoration through 
reintroductions of respective individuals of the appropriate subspecies 
in both Asia and Africa. This should include complete, transparent risk 
assessments and clear references to best scientific and management 
practices for reintroductions. The principles of evidence-based management 
and transparency should be applied in future decisions, and can provide a 
framework for other taxa in Africa. 

In South Africa, a managed metapopulation plan for cheetahs is required 
to guide the science-based management of these cheetahs to maximise 
their contribution to cheetah conservation. National-level management 
must be done collaboratively, and actions must be taken to maximise the 
management objectives of individual reserves and cheetah conservation 
across the range, and ensure that best practices are followed. 

Establishing a cheetah sink out of Africa will threaten African (and Asian) 
cheetahs and undermine South Africa’s reputation as a science-based 
leader in the conservation management of large mammal populations.

Note in Proof
A third cheetah death among the cheetahs introduced from Africa to 
India was reported on 9 May 2023 (https://pib.gov.in/PressReleasePage.
aspx?PRID=1922858). This highlights the need for urgent interventions 
to prevent any further mortalities.

https://doi.org/10.17159/sajs.2023/15617
https://www.sajs.co.za/
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Significance:
Anti-black African xenophobia is a pressing issue in South Africa, from the streets to our universities. 
Physical threats against honest university administrators and non-nationals have become legion. Yet foreign 
academics and teachers contribute directly to local education and employment which would be much poorer 
without them. This Commentary, which reports on a Roundtable discussion of this issue, explores the form 
of this prejudice, the consequences for the institutions and individuals concerned, and the implications for 
South African glocalisation.

In vogue during the dark days of late apartheid were terms like ‘international hotel’, or more idiotically, ‘international 
toilet’. ‘International’ in the apartheid lexicon meant multiracial and multinational. These categories were introduced 
after the Transkei’s ‘independence’ in 1976 to facilitate black Bantustan and foreign African diplomats who were 
visiting ‘white’ South Africa. Anyone could now legally use facilities officially designated as ‘international’. After 
apartheid, ‘international’ took on some new negative connotations when associated with the Afrophobic term, 
‘makwerekere’, black African in-migrants (‘foreigners’) whose presence in a liberated South Africa was often 
resented.

What does ‘international’ mean for any South African city hosting one or more universities? I actively assisted in 
the recruitment of international students and interinstitutional collaborations in the 1990s under the auspices of the 
University of KwaZulu-Natal (UKZN) International Office. That Office, at the time, was looking to ‘decolonise’ UKZN 
by attracting fee-paying African students onto the university’s diversifying campuses.

Glocalisation, until the international supply chain was disrupted by COVID-19 in 2020, was the new buzz word. 
Until then, ‘being local’ meant that universities needed to go global. Still, most universities are now operating in an 
internationally competitive intercultural knowledge market. If our universities remain parochial, so will our students, 
our research topics and our educational priorities. National policymaking will reflect this parochialism, as echoed 
by the panellists who contributed to the 9th Academy of Science of South Africa (ASSAf) Presidential Roundtable  
Discussion held on 24 November 2022. The topic was ‘The Threat of Academic Xenophobia to the Future of South 
African Universities’.

If UKZN was indeed the ‘Premier University for African Scholarship’ as it claimed from 2004, then we must 
understand that Africa is not just the KwaZulu-Natal Province, South Africa or even Africa. As the African diaspora 
is everywhere now across the Western world, that’s the identity that we need to embrace, and that was the 
advice offered by the Roundtable panellists. But more, our institutional and employment and recruitment policies 
must reflect an international remit. It is internationalisation at every level that vests excellence in the world’s top 
universities because these institutions attract the best students and scholars from everywhere, as Jonathan Jansen, 
President of ASSAf, observed while chairing the panel.

Universities, although they are places of open learning, are not immune to ‘academic xenophobia’, a term invented 
for the Roundtable discussion. In this Commentary on the Roundtable invited by the South African Journal of 
Science, I attempt to provide a frame of reference and some affirmative thoughts deriving from the discussion.

The scourge of xenophobia
The visible signs of anti-immigrant violence that play out on the streets and poorer areas of South Africa are 
economically disruptive. This behaviour transgresses human rights and sometimes even involves assassination.1 
In the academic arena, prejudice directed against ‘foreigners’ (i.e. students and academic staff recruited 
predominantly from the former frontline states of Zimbabwe and Zambia), occurred from the mid-1990s when 
the first wave of excited, exciting and exhilarating international graduate scholars and newly appointed lecturers 
arrived expectantly on many South African campuses. For some universities this influx positively reshaped these 
institutions in terms of diversity – intellectually, conceptually and culturally – repositioning them as regional players. 
The in-migrants’ own earlier historical experiences of arrested liberation had matured them to benefit and be 
benefitted by the brave new world that South Africa had promised in the mid-1990s.

From pervasive intellectual, cultural and historical parochialism, reinforced by the cultural and academic boycotts 
during the apartheid era, South Africa instantly from 2 February 1990, with the release of Nelson Mandela and the 
unbanning of the liberation movements, became the focus of intrigued global attention. One of the first to set up an 
International Office in 1992 was UKZN, which in short time had signed up well over 200 collaboration agreements, 
with its campuses swamped with visiting delegations. South African academics and students were thereby invited 
to become global academic citizens. They were recipients of international grants, engaging in collaborative projects 
and securing previously unimaginable teaching, sabbatical, research, exchange and resourcing opportunities.
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Instead of capitalising on this once-off and extraordinary Mandela effect 
for the national benefit, the reaction from many students and staff, often 
the first generation of their cohort, was anxiety. It seems that little had 
changed by the end of 2022, as was indicated by everyone who spoke 
on the ASSAf panel.

The Roundtable panellists discussed their respective experiences and 
what can be done to develop a progressive employment regime that is 
built on the academic values of the modern cosmopolitan university. The 
discussion started rather starkly with Nicole Fritz’s future-alert. Director 
of the Helen Suzman Foundation, Fritz drew attention to the impending 
sub-Saharan intra-continental migration that is being caused by climate 
change. This mass movement is anticipated to become an “existential 
issue” in the near term.

Simultaneously, staying the threatened termination of Zimbabwean 
exemption work permits was one of the Foundation’s projects. The South 
African Department of Home Affairs’ announcement in 2022 that permits 
would be revoked was made without consultation with the affected 
constituencies, including schools, colleges and universities that employ 
Zimbabwean expatriates. These kinds of ad hoc decisions indicate a lack 
of foresight by the much-criticised department with regard to migration 
planning and burden shearing, not to mention academic productivity 
(see for example Grant2). Fritz asked whether universities were educating 
their graduates to address these kinds of concerns.

The panellists who followed were Evance Kalula (Zambia), Emeritus 
Professor of Law, University of Cape Town; Precious Simba (Zimbabwe), 
Lecturer, Department of Education Policy Studies, Stellenbosch University; 
and South African Sakhela Buhlungu (Vice-Chancellor, University of Fort 
Hare [UFH]). The chair was Jonathan Jansen, ASSAf President.

The theme of the Roundtable
My approach here is to précis the issues common to the panel and then, 
using my own experience deriving from my closeness to the early UKZN 
International Office, to draw out some measures to close the discussion 
on an affirmative note.

Jansen3 has argued that one of the most serious threats facing 
higher education and the scientific enterprise in South Africa is the 
rising tide of academic xenophobia. The contradictions unleashed by 
internationalisation during the 1990s have intensified, it seems, given 
the examples offered by the panellists. While 14 of the 15 universities 
surveyed by Simba proclaim themselves as African training and 
research institutions, a “disconnect” often occurs within them in the 
form of xenophobia targeted at “foreign African nationals.” Yet, as Fritz 
pointed out in comparison, the USA-quartered enabler of the criminal 
capture of the South African Revenue Services (SARS), Bain and Co, 
was spared the same kind of popular opprobrium, even though exposed 
in the Nugent and Zondo Commissions and in the national news media. 
The Nugent Commission, led by Judge Robert Nugent, investigated 
the failure of governance at SARS, which enabled state capture by 
international criminals detailed in no less than eight volumes by the 
Commission headed by Judge Raymond Zondo (available here: https:// 
www.statecapture.org.za/site/information/reports)

Resentment by South African hosts usually emanates from a sense 
of insecurity and entitlement, triggered by competition for resources 
and opportunities. Nevertheless, Kalula observed that while he has 
“encountered hostility from colleagues and line managers,” that 
his students “from across all races, have been very receptive [to 
foreigners].” The panel spoke candidly, largely from the heart, illustrated 
with examples of discrimination against foreigners. They talked about 
themselves being in the “trenches,” and indeed just six weeks after the 
Roundtable, Buhlungu survived a second attempt on his life, although 
sadly his bodyguard was killed. Reports of other senior UFH managers 
having been previously (and since) attacked and assassinated by those 
engaged in “mischief” now made the national press. “Fort Hare under 
Siege” screamed the Sunday Times (8 January 2023, p. 1).

Previously, one of my former UKZN colleagues, Malawian Gregory 
Kamwendo, who had moved to University of Zululand (UZ), was executed 

for exposing degree fraud. Vice-chancellors, deans and legal officers 
often require 24-hour protection. This mafia type behaviour emanates 
from organised criminals internal to universities who are looting public 
resources and state-owned enterprises, and assassinating honest staff 
and whistleblowers who resist corruption. Kamwendo’s killers and those 
of his South African UZ colleagues involved, however, considered the 
university merely a resource to be milked at whatever price. Dysfunctional 
universities riddled with fraud and corruption were largely inherited from 
the now dis-established Bantustans, although some such universities, 
as Jansen reminded, have succeeded in reinventing themselves. These, 
and many more equally alarming instances, are documented in Jansen’s 
book Corrupted4, launched within a few months of the panel discussion.

The international contribution
In justifying his appointment of a foreign African national as an acting 
registrar in the face of such threats during a period of UFH meltdown, 
Buhlungu observed that the institution “pulled through, not because 
of his ‘foreignness’, but for his integrity, firmness and his principled 
approach to administration.”

As UKZN Vice-Chancellor Brenda Gourley observed during the 1990s, 
tactically leveraging a 1980s’ union slogan, ‘an injury to one university 
is an injury to all’. Donors, international partners and funders lose faith 
and cancel collaborations, withdraw resources and terminate staff–
student exchanges. Fearful local students who can afford the fees divert 
to expensive but safe private colleges. Everyone is affected, no matter 
their locations and no matter the security arrangements at the safer 
campuses.

The issue of personal safety backgrounded each panellist’s concern. 
Notwithstanding such anxiety, Kalula revealed that he had personally 
benefitted from being taught by exiled lecturers from South Africa, 
Uganda and Nigeria in his native Zambia. But he acknowledged that a 
university in which its nationals were in the minority “has a problem.” 
However, simply “blaming foreign academics, and especially African 
ones, for the absence of local ones is wrong,” he cautioned. The fear of 
victimisation on the basis of their countries of origin has deterred many 
African intellectuals now teaching in the global diaspora from applying 
to South African universities. The 1990s outmigration from universities 
of native South Africans into very well-paid government jobs, the civil 
service and business, resulted in a shortage of local academics in 
many rural institutions, creating a vacuum that has been filled by foreign 
expatriates, predominantly Zimbabweans and Nigerians. Indeed, the early 
loss included UFH’s first black post-apartheid vice-chancellor who was 
appointed as the national unity government’s first minister of education.

‘Foreigners’, a term used pejoratively in some selection committees on 
which I myself served during the transition, were sometimes accused 
during the first decade of liberation of being opportunistic interlopers 
exploiting unfair advantage of gaps in the academic sector. The result is 
that internal discrimination with the ending of apartheid was supplanted 
by antagonism against African foreigners who it is claimed: (1) usurp 
jobs from South Africans; (2) compete with South Africans for scarce 
resources; (3) exhibit a culture of entitlement in that South Africa owes 
them for taking an anti-apartheid stance; and (4) engage in criminality, 
although there is little evidence to support this allegation (Fritz). South 
Africans like to play at being the “victim” – being at the mercy of the 
Other, being stereotyped and accused “of everything” (Buhlungu).

Underpinning these assumptions is that wealth is understood by the 
criminals and some political ideologues to be a technical redistributive 
process rather than also a productive procedure that is created by 
entrepreneurial activity, capacity building and intellectual investment. 
Initiative is what counts, not ‘entitlement’, that has so often resulted in 
institutional failure. The “killing fields” to which Buhlungu referred in the 
Sunday Times front page occurred, ironically, because of UFH’s first 
clean audit in 30 years.

Backgrounding the panel’s deliberations was that South Africa has 
been engaged in nation-building during a conjuncture when some other 
nations and empires have been fragmenting. Identity creation requires 
the forging of a single South Africanism in the face of extensive domestic 
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diversity. Othering the Other (other Africans) is one way of forging an 
‘us’–‘them’ dichotomy towards fostering a national identity. Yet, as 
Simba cautioned about ringfencing nationality in the global academic 
marketplace, “Universities should always see themselves as part of a 
larger community of knowledge and should always hold themselves to 
the high standards that the society holds us to.” This claim to African 
identity in the 14 local universities’ mission statements, she concluded, 
raises questions on the nature of the disconnect between institutional 
PR, their “imagined” identity and the actual “performance” in practice. 
It was becoming almost impossible, said Simba, for non-South Africans 
to join South African academia due to ongoing “ring-fencing of academic 
space”: “… what is happening … is a hierarchisation of the ‘better 
black’” and even within that inclusion, “there is a black person that the 
labour policies preferred, and by doing so we start seeing the pushing 
out and exclusion of foreign nationals.”

South Africans are thus still ill-prepared for globalisation, competitive job 
markets and professional mobility required by transnational academia. 
Buhlungu observed that:

We need to expand and diversify the range of non-
locals to go beyond the two dominant countries 
(Zimbabwe and Nigeria) and bring in scholars from 
across Africa, and to also bring in more Indians 
and whites to help end black to black xenophobia.

The global opportunities now available to the educated professional 
classes, including South Africans, need to be better understood.

Internationalisation policies are key to growth, as Kalula pointed out in 
offering the example of Malaysia and Singapore. On dividing into two 
separate states in 1965, the internationalisation policy of Singapore’s 
National University of Singapore led to the university thriving through 
the recruitment of expatriate lecturers and becoming one of the 
highest-ranked institutions in Asia. In contrast, the University of Malaya 
stagnated by rejecting non-local faculty and becoming inward-looking. 
In Africa, many of the top universities became shadows of their former 
selves once they severed their links with their parent institutions located 
in the colonial metropoles. “No university in the world has ever become 
a global centre of academic and research excellence through nativist 
thinking in its academic appointments policy,” said Jansen. But if 
nativism is pursued, then “We might as well be a church, mosque or 
synagogue based on faith or allegiance.” As Jansen points out, some 
South African universities

would quite literally fall apart were it not for 
other African academics willing to work in rural 
areas and uphold their academic programmes 
in everything from undergraduate teaching to 
postgraduate supervision and, of course, senior 
administration.

The building of a strong local pool in a fair and non-prejudicial manner is 
not easy because this requires the remedying of the reluctance of South 
Africans to work at geographically remote campuses.

Concluded Simba: “Our [South African] colleagues should create 
space for African foreign nationals, to allow for different experiences, 
different ideas, different accents, different skin tones, different kinds of 
black, different kinds of academics….” To achieve this, African foreign 
nationals, suggested Kalula, should be encouraged “to apply their trade 
in the interests of South Africa”:

You South Africans are very angry people. You are 
angry against each other. You are angry against 
foreigners and even one politician in his lucid 
moment characterised this xenophobia as self-
hate. This history is self-destructive, a lost dream, 
so foreign academics must come here to help in 
the South African mission, rather than ‘taking 
over’, or thinking of themselves as substitutes.

One potential benefit of travelling academics pollinating our shores is 
recovery of the 1990s ‘going global’ dream. Let’s now identify some 
affirmative possibilities of internationalisation towards this goal.

Internationalisation
Having discussed attraction factors over the past 30 years with my own 
international African students – who populated about half of my Centre’s 
graduate student complement at UKZN – they explained that South Africa 
is a Europe next door for Southern African Development Community 
countries, in that its universities offer affordable access to top quality 
academic programmes, technology, resources and libraries. For me, and 
as reported at a UKZN corporate relations conference over a decade ago, 
there are many benefits that international students and academics bring 
to South African institutions, including:

	• Wider understandings of their respective conditions to South
Africans who tend to be ignorant of Africa.

	• Foreign African graduates return home and often establish similar
programmes in their own universities. They then draw on South
Africans as external examiners, collaborate with them on pan-
African research projects, and send on their own students to do
graduate work at the South African institution that hosted them.

	• International students bring a political stability to class discussions, 
and a maturity of purpose to their studies.

	• International students show high initiative, take responsibility for
their own learning, time and finances, and they are self-motivated.
They become our teachers and add significant value to the
classroom.

	• International collaboration is best driven by academics themselves. 
International offices are the facilitators, the ambassadors; the
cooperating academics are the drivers, the international lecturers
are the advisors, and the benefit is institutional.

	• International offices are not just administrative ventures gobbling
up scarce resources. They are income generators, the global
recruitment arms of a university. A university’s business plans
should indicate how return on investment will occur over specific
periods.

An international university needs more than international hotels and 
toilets. It needs international students and staff, international visitors and 
international research collaborations. But Marina Waruru’s5 take-away of 
the Roundtable concluded that:

The presence of xenophobic practices in South 
Africa’s higher learning institutions can be blamed 
on a lack of strong leadership in the universities, 
which has turned a blind eye on the vice by 
allowing expediency to prevail over merit.

Leadership is key, but it has to get buy-in from all sectors of the 
academy. Fortunately, observes Simba, “From my experience I can, 
however, say that students are open, want to learn and do not care about 
your origin.” In contrast, she suggests: “Our colleagues, though, are not 
as accommodating, and there are some who are pushing for a policy 
change so that universities do not employ foreign academics.”

We are living in a global world and global job markets and we local South 
Africans can also become global citizens pursuing international career 
opportunities. We do not have to be angry; we certainly should not be 
killing each other over finite resources, and we should be growing our 
wealth rather than squandering it through corruption.

Why is this difficult to understand? Positive intercultural values indeed 
are what we should be teaching in the academy, in schools and in 
kindergartens. That was the underlying message of the Roundtable.

The recording of the Roundtable at which these issues were discussed 
is available here: http://hdl.handle.net/20.500.11911/260
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Significance:
The draft Code of Conduct for Research is a welcome development, but there is room for improvement in the 
way that it interprets core concepts in POPIA. In particular, it should: remove the provision regarding consent 
to future research; clarify that special personal information is a subclass of personal information that must 
comply with an extra layer of requirements; not exclude an individual researcher employed by a research 
institution from qualifying as a responsible party; and clearly differentiate de-identification in POPIA from 
corresponding terms used in other jurisdictions.

Introduction
The publication of the draft Code of Conduct for Research1 (draft CCR) by the Academy of Science of South Africa 
(ASSAf) in September 2022 is a welcome development. Overall, the draft CCR promises to be a useful document 
for the South African research community. It is written in plain language, contains useful diagrams and user-friendly 
hyperlinked cross-references, examples in the research context, and references to additional resources.

In terms of the draft CCR’s substance, the most striking positive element is how it deals with the concept of public 
interest. Public interest is a central concept in the Protection of Personal Information Act 4 of 2013 (POPIA), and 
is important for research, as it is relevant when considering a research exception for allowing the processing of 
special personal information (section 27(1)(d)(i)), and a research exemption from the conditions for processing 
personal information (section 37(1)(a)). The Information Regulator has proffered a ‘basic formulation’ of public 
interest in a Guidance Note2, but this ‘basic formulation’ has been critiqued in the literature as misaligned with 
South African case law on public interest3. To ASSAf’s credit, the draft CCR (Table 5, page 24) does not simply 
follow the Guidance Note’s embattled ‘basic formulation’, but adopts a more pragmatic – and legally justifiable – 
meaning of public interest.

However, there is still a need to improve the way that the draft CCR deals with four other core concepts in POPIA, 
namely (1) consent; (2) special personal information; (3) responsible party; and (4) de-identification. In this article, 
we explain why there is a need for improvement of the draft CCR in the case of each of these concepts, and we 
make recommendations on how to improve the draft CCR in this regard.

Consent
The interpretation of the meaning of consent in POPIA has been the subject of academic debate; members of our 
research group contended that consent, for purposes of POPIA, must be specific, as clearly provided for in section 
1 of POPIA.4-6 However, there have been other scholars who have argued for an interpretation of consent in POPIA 
as meaning broad consent.7 Also, we have contended that POPIA constitutes a new layer of legal rules, and that 
POPIA compliance should therefore be differentiated from ethics compliance, as these are two distinct sets of 
rules, and the one does not subsume or replace the other.4-6 In this light, we commend ASSAf on confirming this 
law/ethics distinction in the draft CCR, and on making it clear that consent in POPIA must be specific – at least in 
the context of an initial research project.

However, we must raise concern about the following statement in the draft CCR that relates to future research 
(Table 4, page 20)1:

POPIA Consent for future use is allowed as long as the future uses of the Personal 
Information are not speculative, are described as fully as possible, and further use of the 
Personal Information is restricted.

Our concern has two parts. First, this statement in the draft CCR departs from POPIA. There is a difference 
between having a specific purpose and having a purpose that is merely ‘not speculative’. Accordingly, this risks 
watering down the requirement of specific consent, and calls for serious reflection. Second, given POPIA’s research 
exceptions (in sections 15(3)(e) and 27(1)(d)), consent for future research projects is not necessarily a POPIA 
requirement. In other words, from the perspective of POPIA, researchers may rely on consent for further processing, 
but they do not have to. Accordingly, we recommend that the statement in the draft CCR pertaining to consent for 
future research should be removed. From the perspective of POPIA, it is both problematic and unnecessary.

However, depending on the circumstances, consent to a further research project may be required by the institutional 
research ethics committee. This raises the question: how should researchers integrate the POPIA and ethics 
requirements regarding consent at the stage of collecting information from research participants? In brief, for the 
initial research project, consent must be for a specific purpose, as required by section 13(1) of POPIA. Researchers 
may include additional provisions if required by institutional research ethics committees. As an example, consider 
the question: ‘May we contact you again for a future research project or follow up on your responses?’ Such 
a provision is self-evidently only an ethical consideration. From a legal perspective it is not consent to future 
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research, much less specific consent. At the same time, it may also 
be wise to request research participants to provide consent now for 
future research. The mode of consent that is appropriate – e.g. specific, 
tiered, or broad consent – is determined by the relevant institutional 
research ethics committee, and is an ethics requirement, not a POPIA 
requirement. It is essential to approach this enquiry from a pragmatic 
perspective. One can readily imagine the futility of trying to predict all 
the uses of data that may become possible in the light of advancing data 
science techniques. It is precisely for these kinds of situations that we 
recommend researchers familiarise themselves with POPIA’s research 
exemptions. ASSAf may consider including this as a consolidated legal-
ethical note for clarification.8

Special personal information
POPIA broadly regulates two types of information: personal information 
and special personal information, which are each defined in POPIA. 
Importantly, special personal information is defined with reference 
to personal information (in section 1 of POPIA) as follows: ‘“special 
personal information’ means personal information as referred to in 
section 26’. Ergo, special personal information is a subclass of personal 
information. Logic dictates that provisions in POPIA that apply to 
personal information would include special personal information qua 
subclass of personal information, unless special personal information 
is specifically excluded.

Now consider POPIA’s processing requirements. In respect of personal 
information, section 11 provides that at least one of the legal grounds for 
processing personal information listed in that section must be present. 
In respect of special personal information, section 26 provides that if 
personal information qualifies as special personal information, it may not 
be processed – except if at least one legal ground for processing special 
personal information listed in section 27 is present. Importantly, given 
that special personal information is a subclass of personal information, 
special personal information is not exempted from compliance with 
section 11. Accordingly, sections 26 and 27 of POPIA apply as an extra 
layer of rules over the basic provisions of section 11.9 Stated differently, 
sections 26 and 27 are not an alternative compliance pathway for 
special personal information; they constitute an additional compliance 
pathway for special personal information.

However, the draft CCR (paragraph 4.3.3.3.5, page 19) states that ‘Any of 
the following legal justifications [referring to the grounds listed in section 
11 of POPIA] must apply when the Research does NOT include Special 
Personal Information.’ This has the effect of exempting special personal 
information from compliance with section 11. We suggest that this is a 
mistake that should be corrected. Moreover, it would assist the research 
community if a general provision could be included in the draft CCR 
that clarifies that special personal information is a subclass of personal 
information that must comply with an extra layer of requirements. This is 
important, as the issue is not only relevant to the processing limitations 
in POPIA, but also to further processing and the research exceptions 
(section 15(3)(e) for personal information and section 27(1)(d)(i) for 
special personal information).

Responsible party
Section 1 of POPIA defines a responsible party as ‘a public or private body or 
any other person which, alone or in conjunction with others, determines the 
purpose of and means for processing personal information’. Accordingly, 
who qualifies as a responsible party is a question of fact: who determines 
the purpose of, and means for, processing personal information? In the 
research context, a responsible party is likely to include both (1) individual 
researchers; and (2) research institutions – i.e. juristic persons that conduct 
research.10 Importantly, no juristic person can ever determine the purpose 
of, and means for, processing personal information on its own – there 
must always be at least one individual who makes this determination.10 We 
acknowledge that it may be possible, pragmatic even, to proceed from the 
standpoint that in a typical employment relationship the employee merely 
acts as an agent of their employer. But we warn that it is dangerous to 
assume that this will always be the case.

In research it is the principal investigator who will exert primary control 
over determining the purpose and means of processing. In our view, 
researchers and their employing research institutions would all be 
‘responsible parties’ as defined in section 1 of POPIA. Importantly, this 
statutory definition cannot be narrowed by a code of conduct if that 
would amount to amending the provisions of the statute.10 However, 
that is exactly what the draft CCR purports to do. It proposes that a 
responsible party does not include an individual researcher if such a 
researcher is in the employ of a research institution. In other words, 
irrespective of the facts of who actually determines the purpose of, and 
means for, processing personal information, the draft CCR proposes that 
only the juristic person qua employer should be legally liable for POPIA 
compliance. This is a narrowing of the statutory definition provided for in 
POPIA and is clearly not permissible.

The draft CCR states (Table 11, page 61): ‘An entity acting through 
its employees is vicariously liable for the actions of those employees, 
provided that the employee is acting within the course and scope of their 
employment.’ This is true, but it does not mean that the employee is 
excluded from liability. Vicarious liability is a legal concept adopted in the 
branch of law that imposes liability for causing harm to another (known 
in South Africa as delict). Where the person who caused the harm was 
an employee acting within the course and scope of their employment, 
then the law holds both the employee and the employer jointly and 
severally liable. Importantly, vicarious liability thus does not exclude the 
employee from liability. The injured party is free to choose whether they 
will sue the employee, the employer or both. Vicarious liability is thus a 
tool in the hand of a plaintiff to choose who to sue; it is not a defence 
in the hand of an employee. In the context of POPIA and research, the 
plaintiff will be a research participant (or to use POPIA terminology, a 
data subject) who intends to sue for damages in terms of section 99. 
As a general rule in our law, a plaintiff has a procedural right to choose 
who to sue among potential defendants.10,11 The plaintiff therefore has 
the right to choose to sue: (1) the individual researcher who determined 
the purpose of, and means for, processing personal information; or (2) 
the juristic person that employed the individual researcher (based on 
vicarious liability); or both (1) and (2).

Accordingly, if vicarious liability is properly understood, it is clear 
that it cannot serve as a rationale for narrowing POPIA’s definition 
of responsible party. Quite the opposite – it highlights that the draft 
CCR’s proposed exclusion of individual researchers from qualifying as 
responsible parties, if such researchers are in the employ of research 
institutions, will infringe on the legal procedural rights of data subjects, 
and hence compromise their right to access the courts, protected by 
section 34 of the South African Constitution.12

Consider the following hypothetical facts: Professor X is the principal 
investigator of a research project on HIV. Professor X writes a research 
protocol that provides for the collection of biospecimens and health 
information from people living in a local community. The protocol sets 
out the purpose of, and means for, processing the data generated from 
studying the biospecimens and the health information collected directly 
from the research participants. Professor X is in the employ of University 
Y. The research protocol is approved by University Y’s health research 
ethics committee. However, after all the data have been generated and 
collected, Professor X materially fails to comply with POPIA. As a result, 
there is a data breach and the identities of the research participants, 
who are HIV positive, become public knowledge. Z, one of the research 
participants who has been identified as being HIV positive, is ostracised 
by his community and loses his work. Z’s legal aid attorney writes a 
letter to both Professor X and University Y, requesting a meeting in an 
attempt to settle the matter in a non-litigious fashion. The meeting takes 
place and University Y’s representatives offer a sincere apology to Z. 
They also agree to issue a public apology. Z accepts this offer from 
University Y. However, Professor X refuses. She states that people must 
learn to be open about their HIV status, and leaves the meeting. Z has 
the right to choose to sue Professor X alone for damages. Any attempt 
to deny Z this right would infringe on Z’s constitutional right of access 
to justice.
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Clearly, the draft CCR’s proposed exclusion of individual researchers 
from qualifying as responsible parties, if such researchers are in the 
employ of research institutions, is not only misaligned with POPIA, but 
is also on shaky constitutional ground. We suggest that ASSAf rethink 
this issue. Instead of attempting to extract individual researchers from 
litigation, which is not legally possible, a better way to ameliorate the 
position of individual researchers in the face of strict liability litigation is 
for research institutions to indemnify their own employees against such 
litigation.10 This approach can be recommended in the draft CCR, and 
each research institution can decide whether, and how, to implement 

it. While indemnification will not extract individual researchers from the 
litigation process, it will ensure that they are not personally bankrupted 
by their legal costs and a potential damages award.

De-identification
The use of foreign terminology in the draft CCR, especially the use of 
anonymisation as a synonym for POPIA’s reference to de-identification, is 
problematic. While anonymisation and de-identification are used in other 
jurisdictions and frequently appear in biomedical literature, the concepts 
are distinct and often defined in conflicting ways, both within statues and 

Core concept Recommendations

Consent

Key recommendation:

Remove the explanation relating to consent for future research.

Table 4, page 20, delete:

‘POPIA Consent for future use is allowed as long as the future uses of the Personal Information are not speculative, are described as fully 
as possible, and further use of the Personal Information is restricted.’Further recommendation:

For clarity, ASSAf may consider providing a consolidated legal-ethical note, which explains that the mode of consent for future research is 
determined by the relevant institutional research ethics committee.

Special personal 
information

Key recommendation:

Clarify that special personal information is a subclass of personal information that must comply with an extra layer of requirements. We 
recommend that ASSAf include a general provision in the draft CCR that clarifies this.

Paragraph 4.3.3.3.5 and Table 4, page 19, amend:

‘Any of the following legal justifications [referring to the grounds listed in section 11] must apply when the Research does NOT include 
Special Personal Information to the processing of Personal Information’.Paragraph 4.3.3.3.5, page 19, recommended wording of the 
suggested inclusion:

Note: Special Personal Information is a subclass of Personal Information. When Research includes Special Personal Information, it must comply with 
an extra layer of requirements. [See  Table 5 ].’

Responsible party

Key recommendation:

Do not exclude individual researchers employed by research institutions and public bodies from qualifying as responsible parties.

Page 7, paragraph 2.2.2, amend:

‘In most instances, The private or Public Body that employs, or directly controls the researchers will be the Responsible Party ,  along with 
the researcher(s) who determine(s) how and why personal information is processed.Page 7, paragraph 2.2.2, delete:

‘The researchers will only be Responsible Parties in their individual capacity if a Responsible Party (private or Public Body) does not 
employ or control them; in other words if they are Independent Researchers. The definition of ‘employee’ is in the Labour Relations Act 
66 of 1995 or the Basic Conditions of Employment Act 75 of 1997. Even if a researcher is not an employee, they may be still under the 
control of a Research Institution.’Table 11, page 61, delete:

‘In most instances, the private or Public Body that employs, or directly controls the researchers will be the Responsible Party. The 
researchers will only be Responsible Parties in their individual capacity if the Responsible Party (private or Public Body) does not employ 
or control them; in other words if they are Independent Researchers.’Further recommendation:

The draft CCR may include a recommendation that public bodies and research institutions indemnify their own employees against 
litigation.

De-identification

Key recommendations:

	•	 Throughout the draft CCR, clearly differentiate de-identification in the South African context from corresponding terms used in other 
jurisdictions.

	•	 Delete the terms anonymise/anonymised/anonymisation when used as a synonym for de-identification. (For example, see paragraph 
1.1.2.2.1, page 5, and paragraph 1.3, page 64.)

	•	 Explain references to foreign terms and documents. (For example, see Table 9, page 40.)

	•	 Remove references to foreign tests (used in the draft CCR to determine whether data is de-identified). The test within POPIA is 
unique. (For example, see paragraph 1.7, page 65, and Table 1, page 72.)

Further recommendations:

We recommend that the use of foreign terms should be avoided, as these clearly have different definitions, standards, and tests to what 
is required by POPIA. Where they are employed, it should be made clear that de-identification in POPIA is not equivalent to corresponding 
terms used in other jurisdictions and that the test for de-identification is unique to South Africa.

Table A:	 Recommendations for deletions, alterations, and inclusions in the draft CCR
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the literature.13 Because there is no global consensus on the meaning 
and use of the terms de-identification and anonymisation, particular 
care is needed when employing them. Therefore, we recommend that 
these terms should not be used synonymously in the draft CCR; instead, 
they should be explained to clarify how POPIA’s de-identification differs 
from corresponding terms found in other jurisdictions. The correct term 
in South Africa is de-identification – and it has been given a distinct 
definition in section 1 of POPIA, where it means

to delete any information that— (a) identifies the 
data subject; (b) can be used or manipulated by 
a reasonably foreseeable method to identify the 
data subject; or (c) can be linked by a reasonably 
foreseeable method to other information that 
identifies the data subject.

For information to be de-identified, and excluded from the scope of POPIA, 
section 6(1)(b) provides that the information must be de-identified ‘to 
the extent that it cannot be re-identified’. The test employed is unique 
to South Africa – and quite stringent: if any information can be ‘used’, 
‘manipulated’ or ‘linked’ by ‘a reasonably foreseeable method’ to 
re-identify the data subject, it is not de-identified information in terms of 
POPIA (section 1 of POPIA).

Although the term de-identification is also used in the USA, the concept 
(and its meaning) differs from that in POPIA. Within the Health Insurance 
Portability and Accountability Act of 1996 (HIPAA), de-identification relies 
on applying one of two methods: (1) the removal of 18 personal identifiers 
from a data set, with the important proviso that the researcher has no 
‘actual knowledge’ that the residual information may identify an individual 
(the Safe Harbor method, §164.514(b)(2)); or (2) a determination 
made by a suitably qualified expert who must establish that the risk 
of re-identification   ‘is very small’ (the Expert Determination method, 
§164.514(b)(1)).14 Both methods speak to the overarching principle that, 
to be de-identified, the information ‘does not identify an individual and… 
there is no reasonable basis to believe that the information can be used 
to identify an individual’ (§164.514(a)). Notably, a covered entity may still 
assign a code or other means of record identification to allow de-identified 
information to be re-identified at a later stage (§164.514(a)), whereas this 
would not be permitted under POPIA’s definition of de-identification.

The term de-identification is also used in the United Kingdom’s Data 
Protection Act 2018 (DPA). Section 171(1) of the DPA provides that it 
is an offence to ‘knowingly and recklessly re-identify information that is 
de-identified personal data’. It is in this context that section 171(2)(a) of the 
DPA provides that ‘personal data is “de-identified” if it has been processed 
in such a manner that it can no longer be attributed, without more, to a 
specific data subject’. Therefore, de-identification in the context of HIPAA 
and the DPA is clearly not equivalent to de-identification in POPIA.

Furthermore, although pseudonymisation is used within the draft CCR, it 
is not a concept found in POPIA. Rather, it appears in other international 
instruments such as the European Union’s General Data Protection 
Regulation 2016/679 (GDPR) where, in Article 4(5), pseudonymisation is 
described as the process of storing additional information separately that 
can be used to re-identify the data subject.15 As re-identification is possible 
in the case of pseudonymised data, the data continue to be considered 
personal data and must be treated as such. Thus, data that can be re-linked 
using a code, algorithm or pseudonym remain personal data under the 
GDPR, and the position is the same under POPIA. Although POPIA does not 
expressly refer to the term, it remains an important data privacy safeguard, 
and section 19 is broad enough to encompass pseudonymisation of data 
in its requirement that ‘appropriate, reasonable technical and organisational 
measures’ are used to secure the privacy of data subjects.

For this reason, the draft CCR should avoid the use of terms that clearly 
have different standards and definitions to what is required by POPIA. 
Instead, it should be made clear that de-identification in South Africa is 
not equivalent to corresponding terms employed in other jurisdictions 
and that the test for de-identification is unique to South Africa. We 
recommend that ASSAf clarifies the South African position to resolve 
any confusion around the use of these terms.

Conclusion
The draft CCR is breaking new ground in a relatively new field of the 
law. If approved by the Information Regulator, the draft CCR will – for 
the duration of its 5-year lifecycle – become an important document for 
the South African research community. Accordingly, before submitting 
the draft CCR to the Information Regulator, it is essential that ASSAf 
irons out the issues that we have identified in this article – especially 
because these issues relate to four core concepts in POPIA. Our 
recommendations are summarised in Table A.
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Significance:
For considerations of public policy, research in South Africa is not (merely) a purpose in itself, but a 
fundamental contributor to the South African economy. Because research data – which may consist of 
personal information – often has commercial value, it is important that we consider legal pathways for 
repurposing research data for commercial use. The POPIA draft Code of Conduct for Research should 
provide guidance in this regard.

Introduction
It is common practice for institutions around the world to conduct research using donated biological samples 
and related data. But what if a research institution wants to use the data generated from these samples for 
commercial applications, or license the use of the data, or sell the data to a commercial entity? Allegations of 
the commercialisation of data initially collected for research are not new, with companies, universities, and state 
departments purportedly selling and commercialising biological samples and/or the data originally collected for 
research purposes.1-7 It is not only a matter of the repurposing of data initially collected for research for commercial 
use, but crucially that these activities may have been done without the knowledge or consent of the participants to 
whom the data relate. Individuals, it would seem, are less likely to donate altruistically if, unbeknown to them and 
without their consent, an organisation is to benefit financially from their contribution.7

Sound data protection practices form the backbone of lawfully and successfully securing public confidence in 
data use.8 This is particularly true in light of the dramatic increase in the volume of digitally available research 
information coupled with the ability to share such data widely. To this end, the South African Protection of Personal 
Information Act 4 of 2013 (POPIA) sets out measures to safeguard personal information. While much of the 
literature has focused on data collected for a commercial purpose – such as data stored in a commercial biobank – 
being further processed (or ‘repurposed’) for research use9-18, we consider here the implications when the position 
is reversed: that is, when data collected for research are repurposed for commercial use. This would typically 
be the case if research yields data that are commercially valuable. Examples would be data sets containing the 
genomic sequences and health information of large groups of people.

Our intention in this Commentary is threefold. First, we suggest that the commercialisation of research data is 
a significant issue for the South African research community, as it is not only a public policy imperative, but, in 
certain crucial circumstances, a statutory duty.

Second, and in light of this, we analyse how POPIA might act both as a foil and a facilitator of secondary data use 
for purposes of commercialisation. This is to say that we consider, first and foremost, the legal position regarding 
the repurposing and commercialisation of research data, as stipulated in POPIA, rather than taking any ethical 
position one way or the other. We acknowledge that compelling ethical reasons underlie the requirement for, and 
availability of, high-quality, curated, unbiased, and representative data, and that there is enormous value and utility 
in granting wider access to discrete, aggregated data sets. Equally, however, and precipitated on important value 
judgements involving autonomy and self-determination, personal data may be used beyond the context for which 
consent was initially granted or ‘repurposed’ for other uses where the downstream commercial applications cannot 
always be anticipated, often contrary to user expectations. For example, the unsupervised and unregulated mass 
collection of biometric data was recently reported in 23 African countries by various third-party actors, the use 
of which is for unknown purposes.19 These are, unfortunately, not isolated anomalies, but are symptomatic of 
troubling precedent-setting trends in countries with inadequate privacy legislation and enforcement, and where 
privacy protection is not taken seriously. Guided by values, virtues, and considerations of human well-being, we 
need to rethink not just how data sets are used and re-used and for what purpose, and how innovative applications 
are built, but for whom and at what cost. Here, we thus demonstrate only, and narrowly, how POPIA helps to set 
guardrails for the repurposing of data for commercial use through the deployment of lawful data practices.

Finally, we make recommendations on how the proposed POPIA draft Code of Conduct for Research (for ease, we 
refer to it simply as the ‘draft CCR’), recently published by the Academy of Science of South Africa (ASSAf)20, can 
support the legislative framework by guiding the South African research community in this regard.

The importance of commercialising research data
Research and research data are invaluable to innovation and contribute significantly to the advancement of society. 
Research, while primarily and traditionally the domain of university research groups and university hospitals, 
is now increasingly being conducted by various actors and is frequently used in commercial applications.21 
Universities remain one of the primary institutions driven to commercialise research. Investment in emerging 
research areas leads to better funding, new jobs, industry development, and enhanced collaboration between 
universities and industry, which is often required in translating research into valuable products and therapies 
for the public.22,23 Examples of such applications are in producing vaccines24,25, in clinical trials26,27, and in the 
development of medications, treatments, and products by pharmaceutical companies, and others22,26-29. Innovation 
and commercialisation promote economic growth and, in turn, advance human well-being and benefit society.23
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South African science and innovation policy supports the 
commercialisation of research results.30-33 This public policy position 
of support for commercialisation has even been enacted as a 
statutory duty in cer tain circumstances. The Intellectual Property 
Rights from Publicly Financed Research and Development Act 51 
of 2008 (IPR Act) provides that where publicly financed research 
results in intellectual proper ty (IP), such IP must be protected and 
commercialised in a way that benefits South Africa (section 2 of 
the IPR Act). In other words, from a South African public policy 
viewpoint, research is not (merely) a purpose in itself, but has the 
instrumental goal of building the South African economy. This public 
policy perspective of research underpins our analysis in this ar ticle.

Analysis
Preliminary observations
Concerning commercialisation, there are two scenarios at play: 
first, consideration of the repurposing of data, initially collected for a 
commercial purpose, for a subsequent research purpose; and second, 
consideration of the inverse position, that is, where data initially 
collected for research are commercialised. The tangential question 
of whether research participants are entitled to the benefits of such 
commercialisation is beyond the scope of this article. We provide two 
points of clarification before the position regarding purpose specification 
and further processing is described.

First, POPIA does not apply to the processing of de-identified personal 
information that is incapable of being re-identified (section 6(1)(b)), hence 
research data that have been de-identified and then used for commercial 
purposes fall beyond the remit of POPIA. True de-identification of data 
(and because of their nature, genomic data) is questionable.9,34-37 Such 
data fall within POPIA, unless de-identified or otherwise excluded in 
terms of section 6.

Second, the Regulations Relating to Research with Human Participants 
(Human Research Participant Regulations)38, published in terms 
of the National Health Act 61 of 2003 (NHA), provide that research 
participants must be informed of, inter alia, ‘the expected benefits of 
the research’ (regulation 5(e)) and ‘the availability of beneficial products 
or interventions post-research (regulation 5(n)) – the implications of 
which are that any possible commercialisation must be communicated 
to research participants.

Purpose specification and further processing limitation
At the outset, section 13(1) of POPIA requires that personal information 
‘be collected for a specific, explicitly defined and lawful purpose’ that 
is ‘related to a function or activity of the responsible party’ and that 
(except for cases that fall within section 18(4) of POPIA) the data 
subject (the individual ‘to whom personal information relates’ (section 
1 of POPIA) which, in this case, is the research participant) must be 
made aware of the purpose of the collection of the personal information 
(section 13(2)). Therefore, where data that are initially collected for the 
specific and explicitly defined purpose of research are subsequently 
re-used for a different purpose, such as selling the data, and reasonably 
practicable steps are not taken to make the data subject aware of this, 
this contravenes section 13(2) of POPIA.

However, following this, and taking into account the specific purpose 
for which the data were collected (referred to in section 13 of POPIA), 
any further processing of personal information must be in accordance 
with (or compatible with) this specific purpose (section 15(1) of POPIA). 
So, in the event that the data were collected for a research purpose, any 
subsequent research would be allowable as it is in accordance with its 
initial purpose, that is, of research. However, on a reading of sections 
13 and 15 of POPIA, prima facie, this means that where the activities of 
the responsible party do not include commercial purposes, and the data 
were not collected for a commercial purpose (that is, the purpose was 
solely for research), then the responsible party is not permitted to further 
process this information for a commercial purpose as it falls outside the 
scope of their activities and is not compatible with that initial purpose – 
namely research.

POPIA: ‘Compatible’ purpose
POPIA sets out what is meant by ‘compatible’ and what are deemed ‘not 
incompatible’ purposes in section 15. Others in the literature have posed 
antithetical meanings of ‘compatibility’ as situated within research: 
whether an initial collection of personal information for medical research 
may be more broadly interpreted to mean that any other medically related 
research is compatible, or whether compatibility should be attributed a 
far narrower meaning – that is to say, data collected for medical research 
on a specific medical condition such as, diabetes, for example, would 
exclude medical research on other conditions, say asthma.39 We do not 
argue the particularities of these positions here, save to say that we 
examine the position regarding the ‘compatibility’ of data collected for 
research being repurposed for ‘commercial use’ – a use that we interpret 
in an extended sense as any commercial use and any further commercial 
use.

As a point of departure, section 15(2)(a)–(e) of POPIA implores us 
to assess the following criteria when determining compatibility: the 
relationship between the purpose of the further processing and collection 
(section 15(2)(a)), the nature of the information (section 15(2)(b)), the 
effect that the further processing may have on the data subject (section 
15(2)(c)), the manner in which the information was collected (section 
15(2)(d)), and any contractual duties that exist between the parties 
(section 15(2)(e)). Thus, to determine whether further processing is 
permitted in a given situation will depend upon the circumstances of the 
case, the conditions and contracts in place, as well as the information’s 
nature and effect, and its intended use.

Where data were collected for a non-commercial purpose, such as for 
research, the presupposition is that the data cannot be commercialised, 
as it would fall outside of the scope of the original purpose of collection, 
thereby precluding further processing for commercial purposes (in 
terms of section 15(2)(a) of POPIA). But all is not lost. Notwithstanding 
the section 15(2) compatibility criteria, POPIA lists instances where an 
otherwise incompatible purpose may be deemed compatible.

POPIA: ‘Not incompatible’ purpose
POPIA clarifies specific instances, in section 15(3), that are deemed 
not incompatible (that is, they are compatible) with the purpose of 
collection. These instances are when: consent has been granted for the 
further processing (section 15(3)(a)), the information is contained in a 
public record or the data subject has deliberately made it public (section 
15(3)(b)), the information is needed for legal purposes or national 
security interests (section 15(3)(c)), further processing is required 
in order to prevent a threat to health or safety (section 15(3)(d)), the 
information is used for ‘historical, statistical or research purposes’ and 
is further processed only for those purposes and will not be published 
in an identifiable manner (section 15(3)(e)), or an exemption has been 
granted in terms of section 37 (section 15(3)(f)).

In light of the above, consider a situation in which data that were initially 
collected for a commercial purpose are then used for a research purpose. 
In this instance, further processing is allowed in terms of section 15(3)
(e) of POPIA as the ‘historical, statistical and research purpose’ provision 
can be relied upon, provided that the ‘responsible party ensures that 
the further processing is carried out solely for such purposes and will 
not be published in an identifiable form’ (section 15(3)(e)). However, 
the inverse is not true: data collected initially for a research purpose, 
save for relying on one of the provisions described in section 15(3) of 
POPIA in the paragraph above, cannot simply be re-used for commercial 
purposes. So, unless the commercial purpose falls within one of the 
section 15(3)(a)–(f) provisions, it will be of an incompatible purpose. 
Save for these particular instances, POPIA restricts the repurposing of 
research data for commercial purposes.

Accordingly, in situations where the information is in the public domain or 
is deliberately made public by the data subject, in terms of section 15(3)
(b) of POPIA, the information may be used for the further commercialised 
purpose. Moreover, and importantly, in terms of section 15(3)(a) of 
POPIA, where the consent of the data subject has been obtained, a 
researcher may use their information for a commercial purpose because 
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POPIA deems it to then be compatible with the purpose of collection (in 
this case, for research). But this purpose (that is, commercialisation) 
would still need to be specific and explicitly defined – in line with section 
13(1) of POPIA. Although Staunton et al.40 contended that POPIA can 
somehow be ‘purposively interpreted’ to allow for broad consent, we 
suggest that such an interpretation is incorrect.41 The language used in 
POPIA is unambiguous. Unless an exemption has been granted in terms 
of POPIA, the consent requirement in POPIA is specific consent – both 
for the initial collection (section 13(1)) and for the further processing 
(section 15(1) and (3)(b)).42,43

What then of commercial applications which have a wide (and 
undetermined) scope at the time of collection and repurposing? In this 
regard, a contract between the responsible party and the data subject 
may shed some light on whether, and under what conditions, further 
processing is allowable. If a research participant were to agree to donate 
their biological material and/or data for the purpose of research, and the 
contract was silent or prevented the research institution from subsequently 
using these data for commercial purposes, then the further processing of 
research data for commercial reasons would not be allowable (in terms of 
section 15(2)(e) of POPIA). Much will, however, depend on the initial and 
subsequent purpose (for research or for commercial use), what has been 
specifically consented to, and the nature and extent of such consent. 
As a solution of last resort, data subjects may need to re-consent if the 
stipulated consents are not in place.

Enabling repurposed research data commercialisation
POPIA offers a further possible enabling solution – one that is an 
alternative to obtaining consent – in section 15(3)(b). This section 
deems information contained in a ‘public record’ or that which the 
data subject has ‘deliberately made public’ not incompatible with the 
purpose of collection. In addition to the research-related provisions 
already available to researchers, section 15(3)(b) of POPIA may prove 
helpful in supporting and growing science and technology innovations 
as envisaged in the South African National Development Plan.44 Such 
considerations inform economic growth and improve health systems, 
education, and infrastructure, by creating a public record of personal 
data and collaborating with participants to voluntarily make their 
information public.

By way of illustration, the Finnish biobank, Auria, demonstrates how 
biobank and personal research data can be used for commercial 
purposes to benefit participants.45 In this context, Finish citizens place 
trust in researchers and public institutions by willingly donating, and 
agreeing to make public, personal research data for commercial use.46 
A model based on commercialisation – with reciprocal benefit and data 
made publicly available by the participant – that strengthens collaboration 
and participation with data subjects is advantageous in that it not only 
fosters long-term relationships between the parties (be they researchers 
or otherwise), but remains in compliance with data protection laws.47 
Accordingly, and following POPIA, data collected for research purposes 
may be repurposed for commercial use if such data are contained in a 
public record or deliberately made public by the data subject. A model, 
not dissimilar to that of the one adopted in Finland, could be extended 
to South African research repositories that want to commercialise data.

Conclusion and recommendations regarding the 
draft CCR
The draft CCR was developed, inter alia, to create legal certainty 
regarding the interpretation of POPIA’s provisions, to ensure that personal 
information used in research is protected, and to assist research 
institutions and independent researchers in complying with POPIA.20 
POPIA does not mention the commercialisation of personal information, 
and therefore it is left up to the draft CCR to address this issue and guide 
researchers and research institutions, while protecting participants. 
But how does the draft CCR recognise, and manage, situations in 
which researchers want to use personal information, including special 
personal information, either (1) from a previous research project; or (2) 
for a different purpose (which could include commercial purposes)?20 
Where researchers seek to use personal information collected from a 

previous research project for further research, or where researchers 
intend to use personal information for a new research-related purpose, 
the draft CCR requires researchers to provide certain information in a 
new research protocol, including: (1) the conditions under which the 
personal information was originally collected (including disclosures 
to research participants and information about consent); (2) how 
researchers will ensure that the personal information is used only for 
research and will not be published in an identifiable form; (3) how the 
notification requirement in section 18 of POPIA will be complied with; 
and (4) whether permission has been granted by the responsible party 
who initially processed the personal information.20 The draft CCR 
acknowledges the possibility of a changing purpose – which, although 
not explicitly stated in the draft CCR, may imply repurposing research 
data for commercial use. If this is indeed the case, this must be done in 
accordance with section 15(1) of POPIA.

However, the draft CCR concerns itself only with situations where 
personal information collected for another purpose is re-used for 
research.20 If the purpose changes to another type of research, it may 
be possible for this to fall within the scope of section 15(1) of POPIA as 
it remains within the boundaries of research and may be what the draft 
CCR envisioned when drafting this section. The draft CCR approaches 
research as a one-directional, inward flow of personal information 
collected for other purposes into research, but fails to provide for an 
outward flow of personal information initially collected for purposes 
of research into commercialisation. As we highlighted above, the 
commercialisation of research results is central to South African science 
and innovation policy – and a statutory duty to commercialise exists 
where public funds are used and commercially viable IP is involved.

Accordingly, given the importance of the commercialisation of research 
results to the South African research community, we suggest that the 
draft CCR address this important issue and lay out a clear roadmap 
for the South African research community on how to commercialise 
personal information initially collected for research. It would also 
be helpful for the draft CCR to include practical examples of consent 
statements for consent to the repurposing of personal data (initially 
collected for research) for commercialisation.

Against this recommendation, it can be argued that the topic of the 
commercialisation of research results is not research, and should therefore 
be excluded from the draft CCR. The draft CCR is, after all, intended to deal 
only with research. Although this argument would have technical merit, 
such a position is, in our estimation, myopic. Considerations about the 
commercialisation of personal data initially collected for research are often 
– and should be – a part of the design of research projects, and are a reality 
facing researchers and research institutions – whether initially planned or not. 
In other words, practically, decision-making regarding the commercialisation 
of research results is intrinsically integrated with research decision-making. 
Accordingly, the South African research community would benefit from a 
code of conduct for research that acknowledges this and considers how the 
commercialisation of research data might be realised.
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Significance:
There may be significant benefits to an open access genomics database of South Africans. The proposed 
Code of Conduct for Research should be amended to provide a clear roadmap – aligned with the Protection 
of Personal Information Act 4 of 2013 – for open access genomics projects.

Introduction
Why should individual-level genomic data be private? Concerns range from unintentionally discovering previously 
unknown family members to insurance discrimination based on health risks disclosed by the genomic data. 
Although many research participants express concern about the privacy of their genomic data, the picture of the 
nature and extent of their concerns is a complex and highly variable one.1,2 Also, there are persons who are willing 
to share their genomic data in the public domain without requiring any privacy guarantees.1-5 An iconic example is 
the Harvard Personal Genome Project (Harvard PGP) initiated in 20056, which has since become a global network 
of projects.7 It publishes the whole genome sequences of its research participants online for anyone around the 
world to download6 – no registration required, no paywall, and no data access committee. This is a truly open 
access, individual-level genomic database. Furthermore, its research participants may choose to supplement their 
genome sequences by also including phenotype and health information in the open access database.6

Imagine a South African version of the Harvard PGP, i.e. an open access, individual-level genomic database 
composed of the genomic data of thousands of South Africans, freely available to all. Advances in science and 
technology have resulted in improvements in the time, cost, and methods involved in genome sequencing8,9, and 
the focus has now shifted to filling the gaps in the amount, and reliability, of population-level data about newly 
discovered genes and their links to disease. However, the success and effectiveness of various medicines and 
therapies, as well as the realisation of precision medicine, may be hampered by differences in the reference group 
and population on which clinical trials are conducted. This poses a real concern for countries like South Africa, 
whose major population groups are grossly underrepresented in existing genomic reference sets.10-14 Establishing 
an inclusive, open access genomics project would not only align with all the benefits typically associated with open 
science, but may also offer a solution to the problem of underrepresentation.

But, is there a legal pathway to establishing such an open access genomics project in South Africa? In this article, 
we explore this question from the perspective of the Protection of Personal Information Act 4 of 2013 (POPIA). 
Furthermore, the Academy of Science of South Africa (ASSAf) has recently submitted its long-awaited proposed 
Code of Conduct for Research (proposed CCR)15, in terms of POPIA, to the Information Regulator. As such, where 
relevant, we make recommendations on how the proposed CCR should be amended to clarify the relevant law and 
provide guidance with regard to such an open access genomics project(s).

Terminology
A core concept in this article is research. As POPIA does not define research, it should be understood in its 
general meaning. A widely used definition of research is that of the Organisation for Economic Cooperation and 
Development (OECD), which reads as follows: ‘Any creative systematic activity undertaken in order to increase the 
stock of knowledge, including knowledge of man, culture and society, and the use of this knowledge to devise new 
applications.’16 The proposed CCR (at paragraph 1.1.2.3.1.) offers a definition of research that is very similar to 
the OECD definition, namely that research ‘includes the range of activities that a private or Public Body conduct to 
extend knowledge through disciplined enquiry or systematic investigation’15. The only problem with the proposed 
CCR’s definition is that it seems to exclude individual researchers who are not part of a ‘private or public body’, 
while the rest of the proposed CCR clearly contemplates the inclusion of such individual researchers. We suggest 
that the proposed CCR should be revised to include independent individual researchers within the ambit of its 
definition of research. This can be accomplished either by explicit inclusion of independent individual researchers 
in the definition, or by removing the reference to the entities that conduct research – in line with the OECD definition.

Analysis
Are individual-level genomic data regulated by POPIA?
The first part of the POPIA analysis is to establish whether individual-level genomic data fall under the two main 
types of information regulated by POPIA, namely personal information and special personal information:

	• Personal information is information that relates to, inter alia, an ‘identifiable, living, natural person’ (section
1 of POPIA). As genomic data relate to a living natural person, and the person can be identified using the
genomic data, genomic data qualify as personal information.

	• Special personal information is a subclass of personal information that relates to, inter alia, a natural person’s 
race, health, or biometric information (section 26 of POPIA). Genomic data relate to all three of these and
therefore clearly qualify as special personal information.
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Accordingly, individual-level genomic data are indeed regulated by 
POPIA at two levels: frst at the level of personal information, and second 
at the level of special personal information.17

Importantly, regulation of individual-level genomic data by POPIA 
commences from the moment that the genomic data are generated 
through sequencing and recorded in an electronic device (section 
3(1)).17,18 POPIA does not apply to biological samples or to DNA.17,18 This 
is because POPIA applies only to personal information that is entered 
in a record, while genomic information is naturally present in DNA, 
rather than being entered in DNA.17,18 Individual-level genomic data, once 
generated and recorded, will likely always fall within POPIA, as it seems 
unlikely that such genomic data can be de-identified.19,20

Uploading genomic data to an open access database
After individual-level genomic data are generated, the next step in the 
context of an open access genomics project would be for the project to 
upload data subjects’ genomic data to the project’s open access online 
database. This would qualify as processing the genomic data in terms 
of section 1 of POPIA (which includes ‘any operation or activity or any 
set of operations’ such as collecting, recording, organising, storing, 
disseminating, or making available in any other form). As a general rule, 
the processing of personal information and special personal information 
is only lawful if a legal ground for processing is present. Consent is a 
legal ground for processing in the case of both personal information 
(section 11(1)(a) of POPIA) and special personal information (section 
27(1)(a) of POPIA). Consent is defined by POPIA as a ‘voluntary, specific, 
and informed expression of will’ (section 1). Accordingly, to be POPIA 
compliant, data subjects must voluntarily agree to the uploading of their 
genomic data to the open access online database, while understanding 
the consequence – that this will make their genomic data public – and 
the possible privacy risks thereof – that their genomic data contains 
information of a personal nature from which they can be identified.21-24 
For consent to be informed, data subjects would also need to understand 
that this will impact upon their data subject rights (section 5 of POPIA), 
including their rights in relation to the cross-border transfer of their data 
(sections 57 and 72 of POPIA), discussed below. But how does one 
know whether data subjects understand this, and whether their consent 
is therefore truly informed?

The Harvard PGP’s solution was to develop a new consent model that 
they called open consent.25,26 This entails, inter alia, that prospective 
participants are provided with resource material that explains not only 
the benefits to science of participating in the Harvard PGP, but also 
the potential risks to participants of being identified through their open 
genomic data.27 In contrast with most research projects that do not 
assess whether prospective participants objectively understand what 
they are consenting to, open consent requires prospective participants 
to take an online entrance examination to objectively assess their 
understanding.26,27 This examination can be taken repeatedly, but 
only prospective participants who achieve full marks are admitted as 
participants in the Harvard PGP.26,27 In other words, the rationale behind 
open consent is that the heightened risk to privacy (by making one’s 
genomic data open access) is offset by the heightened measure of 
objective assessment to ensure that consent is truly informed.

We suggest that objective assessment of understanding should be a 
requirement for open access genomics projects in South Africa, given the 
heightened risk to data subjects. Provided that this is complied with, i.e. 
that data subjects voluntarily agree to the uploading of their genomic data 
to the open access online database and pass an objective assessment 
showing that such consent is informed, the processing will be lawful.

Accessing the data subject’s genomic data on the 
Internet
Once the genomic data are published on the Internet, anyone can access 
and use the data for research or for any other purpose, as the data are 
open access. This would qualify as further processing of the genomic 
data in terms of section 15 of POPIA. Again, as a general rule, (further) 
processing of personal information and special personal information is 
only lawful if a legal ground for such processing is present. One such 

legal ground for (further) processing of both personal information 
(section 15(3)(b) of POPIA) and special personal information (section 
27(1)(e) of POPIA) is if information has deliberately been made public 
by the data subject.

This raises the question: must data subjects themselves perform 
every action necessary to make the relevant information public, or can 
other persons act as their agents? Although not covered in POPIA, the 
proposed CCR provides for situations where data subjects ‘consented’ 
that an ‘intermediary’ can intentionally make their personal information 
public.15 This is a welcome provision in the proposed CCR. However, 
from a legal perspective, it would be better to use the stronger word 
‘instruct’, as this would imply the nominate contract of ‘mandate’, which 
entails that one party (the mandatee) gratuitously performs a service 
for the other party (the mandator).27-30 This nominate contract originates 
from Roman law, and automatically entails that the mandatee must 
exercise reasonable care when performing the mandate on instruction 
of the mandator.29,30 We suggest that a mandate construction is essential 
to comply with sections 15(3)(b) and 27(1)(e) of POPIA.

Accordingly, it would be important in the context of open access 
genomics projects that data subjects not only consent to the uploading 
of their genomic data to an open access online database, and hence 
to making it public, but simultaneously also instruct the open access 
genomics project to perform said action. If this is done, the open access 
genomics project has a mandate to make the data subjects’ genomic 
data public. Given that mandate is such a well-established part of South 
African law, this should suffice for compliance with sections 15(3)(b)) 
and 27(1)(e) of POPIA respectively. As a consequence, anyone would 
be able to lawfully use the genomic data, thus succeeding in the open 
science objective of the open access genomics project.

The cross-border aspect
An open access genomics project would make data openly accessible 
on the Internet – which means that the data would be available beyond 
physical geographical borders, and may thus bring about the provisions 
regarding transfers of personal information outside of South Africa in 
section 72 of POPIA. If the genomic data are stored on a server outside 
of South Africa, as is the case with many cloud services, this in itself 
would constitute a cross-border data flow. Further, whenever the data 
are downloaded outside of South Africa, there is a cross-border data 
flow. POPIA’s provisions on cross-border data flows thus apply.

The cross-border transfer of personal information may only take place if, 
inter alia, the transfer is required in terms of a contract between the data 
subject and the responsible party (section 72(1)(c) of POPIA). As we have 
suggested above, data subjects should instruct the open access genomics 
project to upload their genomic data to its open access online database, 
as this would constitute the contract of mandate. Accordingly, the project 
giving access to anyone anywhere in the world to download the data would 
be in pursuance of the terms of the contract, and hence comply with 
POPIA’s regime for the cross-border transfer of personal information.

However, because genomic data are not only personal information, but 
also special personal information, there is an additional requirement, 
namely that if a party who downloads the data are in a country that 
is not deemed to provide adequate protection for the processing of 
personal information, the open access genomics project must obtain 
prior authorisation from the Information Regulator (section 57(1)(d) of 
POPIA). Given that the South African Information Regulator has not yet 
issued a list of countries that it deems as providing adequate protection, 
no country currently qualifies as such. Also, even if the Information 
Regulator issues such an adequacy list, the purpose of the open access 
genomics project is to make its genetic data easily available to anyone 
in the world, regardless of whether the recipient is in a country that is 
deemed to provide adequate protection or not. Accordingly, the open 
access genomics project would need to apply for prior authorisation 
from the Information Regulator in order to comply with POPIA.

Importantly, if a code of conduct has come into force in the relevant 
sector of society, the prior authorisation requirement for the cross-
border transfer of special personal information ceases to apply (section 
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57(3) of POPIA). Accordingly, if and when the proposed CCR comes into 
force, there will be respite for open access genomics projects in this 
regard. This highlights the importance of having sufficient provisions in 
the proposed CCR to properly regulate open access genomics projects.

Various rights of data subjects
Data subjects giving consent and instructing the open access genomics 
project to upload their genomic data to an open access online database 
do not exhaust the data subjects’ rights from the perspective of POPIA. 
We briefly analyse other relevant rights of data subjects in the context of 
open access genomics projects and consider how these rights apply in 
the context of an open access genomics project.

First, data subjects would have the right to request (in terms of section 
23 of POPIA) information from the open access genomics project about 
the identity of all third parties who have access to their genomic data. 
We suggest that this would place a duty on the open access genomics 
project: (1) to require would-be data downloaders to first register on 
the project website; and (2) to take reasonable measures – such as a 
verification email – to verify the registration information. Should data 
subjects exercise their right to request information about the identity of 
all third parties who have access to their genomic data, the open access 
genomics project would be in a position to provide this to them.

Second, data subjects would have the right to be notified of, inter alia, 
the data being collected, the identity of the responsible party, and the 
purpose of collection (section 18(1) of POPIA). An exception to this right 
is when data are collected for the purpose of research (section 18(4)(f)
(ii) of POPIA). Also, data subjects can waive this right if they consent 
to non-compliance with the notification requirement (as provided for 
in terms of section 18(4)(a) of POPIA). Accordingly, an open access 
genomics project would have two options: (1) expand the registration 
requirement mentioned above by requiring would-be data downloaders to 
declare that they intend to use the data for research; and (2) incorporate 
a waiver of the notification right in the consent process for data subjects. 
Given that (1) does not provide any guarantees, we suggest that the best 
solution would be to implement both (1) and (2).

Third, data subjects would have the right to withdraw their consent at 
any time (section 11(2)(b) of POPIA), to object to the processing of 
their data on reasonable grounds (section 11(3)(a) of POPIA), and to 
request that their data be deleted (section 24 of POPIA). In the context 
of an open access genomics project, this would require that the 
project removes the data from its website. However, the project would 
not be under any obligation to take steps to have the data deleted by 
others who have already downloaded such data. In this regard, the 
Harvard PGP promises to take an extra step, namely that they will 
‘request any organizations or researchers with whom the PGP has 
any formal data sharing agreements to likewise delete your data and 
information within a reasonable time frame’31. We suggest that this 
would be a good policy to follow. Furthermore, the informed consent 
process should ensure that data subjects are aware of these rights, 
and how to exercise them.

Conclusion and recommendations
Privacy is a right of persons to be exercised as they deem fit. Persons are 
autonomous moral agents, and provided that they understand the risks to 
their privacy, they should be free to make their own genomic data public. 
Moreover, as there is public benefit in such open sharing of genomic 
data, this is, in principle, something that should be welcomed from a 
public policy perspective. However, reasonable protective measures – 
aligned with POPIA – should still be put in place.

We recommend that the proposed CCR should clearly provide a roadmap 
for a prospective open access genomics project to follow. Flowing from 
our analysis in this article, we suggest the landmarks in this roadmap 
are the following:

1. General. The regulation of genomic data by POPIA commences
from the moment that the genomic data are generated through
sequencing and are recorded on an electronic device. POPIA does

not apply to biological samples or to DNA.18 POPIA always applies 
to genomic data, as such data cannot be de-identified.

	2. Pertinent elements of consent. The open access genomics project 
must provide resource material to prospective participants that
explains, most pertinently in the context of POPIA: (1) what the
open access genomics project entails and the possible risks
to their privacy; and (2) their right to request information about
persons who access their data, their right to withdraw, and the
consequences of exercising these rights.

	3. Objective assessment. The open access genomics project must
require prospective participants to pass an objective assessment
that assesses their understanding of the content of the resource
material in order to ensure that their consent is truly informed.

	4.	 Consent plus mandate. The open access genomics project must
ensure that its participants: (1) consent to the uploading of their
genomic data to an open access online database, and hence consent
to making it public; and (2) instruct the open access genomics project 
to upload their genomic data to its open access online database.

	5. Registration. The open access genomics project must: (1) require
data downloaders to first register on the project website; (2) take
reasonable measures, such as a verification email, to verify the
registration information; and (3) require data downloaders to
declare that they intend to use the data for research.

Note that the requirement for obtaining prior authorisation from the 
Information Regulator for cross-border transfers of data will fall away once 
a code of conduct for research is issued. As such, the suggested roadmap 
need not include prior authorisation. Implementing the above suggestions 
in the proposed CCR will provide clarity for the establishment of an open 
access genomics project, which in turn will benefit all South Africans.
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We aimed to produce a simple, inexpensive 3D printed phantom as a prototype for image quality 
assessment of contrast, contrast-to-noise ratio (CNR), signal-to-noise ratio (SNR) and resolution in planar 
X-ray imaging systems. The test phantom was designed using SOLIDWORKS software, printed with a 
polylactic acid material and filled with paraffin wax. Circular aluminium sheets were used as inserts for 
contrast evaluation. A planar X-ray system was used for imaging and DICOM images were evaluated using 
ImageJ software. We evaluated spatial resolution, contrast, CNR and SNR. For resolution, full width at 
half maximum (FWHM) was measured on different grid sizes. For contrast, intensity of grey values and 
standard deviation were calculated on the different grid sizes. For CNR and SNR, difference in greyscale 
of investigated tissue and background per standard deviation of noise in the background was calculated. 
Resolution of the system was evaluated to be 1.57 and 1.80 lp/mm on grids A and B respectively. Contrast 
showed differential attenuation per variation in thickness. CNR increased from −13.7 for a thickness of 
0.00 mm to 24.90 for a thickness of 28 mm. CNR did not change for a thickness greater than 16.0 mm. 
The SNR of the system fell in the acceptable range of ​≥ 5​. The results from the analyses performed 
indicate that the test phantom has great potential to be a good substitute for the commercially available 
phantoms on the market, especially for low-resource settings.

Significance:
This study highlights the emergence of 3D printing technology and its suitability within radiology and medical 
physics for  the production of cost-effective phantoms which can serve as substitutes for commercial 
phantoms in low-resourced medical facilities in low- and middle-income countries.

Introduction
Image quality assessment as a component of quality control in radiology departments is one of the many job 
descriptions of the clinical physicist. A variety of modality-specific phantoms are used in quality assurance 
examinations. However, these phantoms are expensive and sometimes delicate, and expert technicians are needed 
for their  use and to evaluate their data.1,2 Typically, commercially available phantoms are in the price range of 
USD4000 to USD10 000, depending upon the specifications and the applicable imaging modality.

Since its introduction in the 1980s, three-dimensional (3D) printing technology has progressed from its use in 
research facilities to being a widely used method for  the construction of phantoms for use in diagnostics and 
radiotherapy.3-5 Besides the printer technology, attempts have been made to synthesise materials that can be 
utilised to create 3D models such as resins. The printing process and material determine the quality of the printed 
product. 3D printing has recently been utilised to create phantoms for multimodality and modality-specific imaging.6

According to Huda and Abrahams7, image quality in radiological imaging is determined by factors such as contrast, 
spatial resolution, signal-to-noise ratio and noise. Contrast5 is defined as the difference between the mean greyscale 
in a region of interest in a study material (​​S​ t​​​) and the mean greyscale in a background area of interest (​​S​ b​​​). This 
is commonly referred to as the contrast-to-noise ratio (CNR) in digital imaging. In the presence of noise, it is an 
object-size-independent estimate of the signal strength in the study tissue. This is represented as8:

​CNR = ​ 
​S​ t​​ − ​S​ b​​ _ ​σ​ b​​

  ​​	 Equation 1

where ​​σ​ b​​​ is defined as the greyscale standard deviation of the noise in the background.

Spatial resolution is described9 as the capacity of an imaging modality to distinguish two neighbouring structures 
as distinct from one another, i.e. image detail visibility. The resolution is mostly estimated using the full-width-at-
half-maximum (FWHM) measure in units of line pairs per millimetre (lp/mm).

Signal-to-noise ratio is a measure of true signal (real anatomy) to noise. A lower SNR normally results in images 
with a gritty appearance. In radiology, SNR is proportional to the amount of contrast in the square root of transmitted 
photons.10

Noise is an undesirable feature in images  as it  obstructs visualisation and comprehension of an anomaly of 
interest.11 The two most prevalent sources of noise in medical images are anatomical noise and radiographic noise. 
Anatomical noise is the term for undesirable anatomical anomalies in an image. As a result, anatomical noise 
characterisation is task dependent and independent of the inherent performance of a detector. Radiographic noise 
describes unwanted image variations that are not produced by the image subject.
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A good quality control program can be used to evaluate the clinical 
performance of imaging systems. The outcomes of routine image 
quality control are compared to those acquired during equipment 
acceptance testing or to predefined baseline values at regular intervals. 
Differences in image quality are indicated by deviations from the 
acceptance test or baseline values. Periodic quality control  helps to 
discover departures from optimal efficiency and lays the groundwork 
for continual development by providing frequent feedback. This might 
be beneficial to patient diagnosis and therapy.12

Three-dimensional (3D) printing has gained prominence in recent times 
for building volumetric objects with the help of a computer-aided design 
application and the use of a wide range of materials such as ceramics, 
resins, metals and thermoplastics (e.g. acrylonitrile butadiene styrene 
(ABS), polyethylene terephthalate glycol-modified (PETG) and polylactic 
acid (PLA)).13 3D printing in radiology has been used predominantly in 
the construction of phantoms for diagnostic radiology, nuclear medicine 
and radiotherapy. It has also been used in the printing of breast phantoms 
using materials as tissue substitutes for their attenuation coefficients.14,15 
Simple symmetrical phantoms for use in computerised tomography 
(CT) have been manufactured through 3D printing using tissue equivalent 
materials like resins and thermoplastics.16 Anthropomorphic phantoms 
depicting the whole body17 as well as body parts such as the spine18 and 
head19 have all been manufactured and are playing a key role in radiology 
departments worldwide.

Studies have been done on the manufacture of 3D-printed image 
quality assessment phantoms suitable for conventional X-ray imaging, 
mammography and fluoroscopy. One study6 used PLA material to print 
a low-contrast phantom with air holes of different radii ranging from 
0.5 mm to 4.5 mm and irradiated with a fluoroscopy machine of 40 kV 
– 70 kV and the results were feasible. The manufacture of a universal
image quality phantom for use in general X-ray, mammography, CT and 
fluoroscopy has been explored.2

Three relevant issues are prevalent in image quality assessment  in 
resource-limited facilities: the high cost of commercial phantoms, 
lack of human resources,  and time constraints, with cost being chief 
among them. In this study, we therefore  aimed to  use  3D printing 
technology to develop an in-house image quality assessment phantom 
for resolution, contrast, contrast-to-noise ratio and signal-to-noise ratio 
for general X-ray imaging systems of a low-resourced centre in a low- to 
middle-income country (LMIC).

Materials and methods
Materials
SOLIDWORKS® software (Version 2019, Dassault Systemes, France) 
was used for the design of the test phantom. The Creality Slicer software 
(V.4.8.2 build 177 win 64, Shenzhen Creality 3D Technology Co., Limited, 
China) was used for G-code conversion of the SOLIDWORKS design to 
STL files and a Creality CR-20 Pro 3D Printer (Shenzhen Creality 3D 
Technology Co., Limited, China) was used to print the PLA material 
(density = 1.250 g/cm3) into the 3D test phantom.

The PLA material is composed of hydrogen (0.058), carbon (0.541), 
nitrogen (0.018) and oxygen (0.383). It has a specific density of 1.43  
g/cm3, tensile strength of 28.8 MPa, bending strength of 58.6 MPa and 
a Hounsfield unit of −530​±​25. It has  linear attenuation coefficients
of 0.439, 0.286 and 0.244 at kiloelectron volts of 30, 45 and 60 keV, 
respectively.13,14

The 3D-printed phantom was filled with paraffin wax, and aluminium 
sheets of 99% purity were inserted into the wax. Image quality 
assessment, using the phantom, was done on the Philips DuraDiagnost 
Release 4 X-ray machine (Koninklijke Philips N.V, Netherlands).

ImageJ  software (Version 1.51,  US National Institutes of Health and 
the Laboratory for Optical and Computational Instrumentation (LOCI, 
University of Wisconsin), USA) was used for image analysis. A tape 
measure, the Ocean software, Piranha quality control meter, the 
collimator and beam alignment quality control test tool and a beam 
alignment phantom were used for quality control procedures.

Phantom design and modelling
A circular-shaped phantom was designed, with a whole-body diameter 
of 150 mm, radius of 75 mm, and thickness of 45 mm and with eight 
circular holes on the surface (Figure 1). The holes were arranged in a 
coordinated orientation with equal tolerance in between them for accuracy 
in alignment. This arrangement was relevant for the measurement of 
contrast. Opposite the circular holes was  a group of four  squares of 
equal dimensions (27 mm × 27 mm) with gridlines of varied spacing
in decreasing order of visibility, which is  relevant for resolution. The 
design was saved in the STL format, a universally accepted format 
for computer-aided designs. ISO/ASTM 52900:2015 was used for the 
design and fabrication process.

3D printing
The fused deposition modelling method was used for printing the 
thermoplastic material. Printing of the phantom was done using different 
parameters. The axial setup was in the order of x-50, y-130 and z-9.99.

The temperature of the printer’s nozzle remained constant at 240  °C. 
Printing time ranged from 1 h to 18 h for the different components of 
the phantom. A constant bed temperature of 60  °C was maintained 
throughout the printing process. The fan embedded in the printer, which 
primarily is used for cooling, was maintained at 50% of its capacity 
throughout the printing process.

Extruder filling
Paraffin wax was used as the filling material for the printed ‘image 
quality’ phantom (Figure 2). Paraffin wax was chosen for its high density 
and similarity to human tissue by properties. Paraffin wax candles were 
heated to 80  °C,​   ​allowed to cool and poured into the printer extruder 
(phantom) while in a semi-liquid state to fill in the empty spaces evenly 
without air gaps. The phantom was left in the open for up to 2 h  to 
solidify and evenly fill every space. The finished test phantom had the 
specifications shown in Table 1.

Figure 1:	 The eight-hole design concept and animation done with SOLIDWORKS.
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Specification Dimensions (mm)

Phantom radius (R) 75

Phantom thickness (t) 45

Radius of circular holes (r) 5

Tolerance between circular holes ( ​​T​ r​​​ ) 8

Radius of aluminium discs 3.5

Thickness of aluminium discs 0.8

Spacing of resolution lines/bars 0.8/1.0/1.2/1.4

Radius of aluminium rod 4

Thickness of aluminium rod 45–10 (factor of 5)

Contrast squares 27 × 27

Table 1:	 Specifications and related dimensions of the test phantom

Figure 2:	 The 3D-printed phantom fully filled with paraffin wax and evenly 
set up for exposure with a conventional X-ray machine.

Figure 3:	 DICOM image of the phantom for image quality 
assessment.

Exposure and acquisition of DICOM image
Images  for the image quality assessment were acquired using the setup 
depicted in Figure 2. The circular holes on the phantom were filled with 
aluminium discs of diameter 7 mm. The discs, of 0.8 mm thickness, were 
placed on top of each other to form varying thicknesses in seven of the eight 
holes, with the first hole unfilled. 

The phantom was set up on the couch of the X-ray machine just beneath the 
source. The distance between the source and the phantom was 700 mm. 
The X-ray source was set to 52 kVp, 63.0 ms and 32 mAs with 1.35 μGym2.

DICOM (Digital Imaging and Communications in Medicine) is the primary 
file format for storing and transferring medical images.The DICOM image 
acquired (Figure 3) was uploaded to the ImageJ software and analysed 
using the various image quality assessment tools.4 The acquired X-ray 
showed fine and clear details with minimal or no noise or artefacts.

Resolution
Analysis of resolution was done by drawing regions of interest across 
the gridlines. A polynomial fit of distance versus greyscale values was 
performed for each gridline. For each grid, the FWHM representing the 
resolution of the X-ray system was determined. The average resolution 
of each grid was calculated using Equation 2:

​​ 

Grid X, Line Y

​  Resolution peak = ​ 
Highest curve peak

  ________________ 
2

  ​​   

​
Resolution = Highest value on xaxis

​   
                   ​ − Lowest value on x − axis….

​

​​	 Equation 2

Contrast
Contrast was analysed by drawing regions of interest in the phantom 
image. Each of the holes in the image represented a different thickness 
and contrast due to the difference in the number of aluminium discs. 
Each thickness corresponded to the position of the circular hole in 
increasing order of contrast. A polynomial graph of thickness against 
mean greyscale value was plotted to show the curvature of contrast.

Contrast-to-noise ratio
Noise was determined by using the contrast-to-noise ratio (CNR). The 
standard deviation of the mean greyscale values was calculated. For each 
hole and thickness, the average greyscale in the region of interest (ROI) 
in the hole was found as well as the average greyscale in the ROI in the 
surrounding background. These two parameters were used to find the CNR 
together with the standard deviation of the noise in the background.

Signal-to-noise ratio
The SNR was estimated using Equation 3. For each thickness, the mean 
grey value in the ROI was found. The standard deviation of the mean 
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grey values within the ROI was calculated. These two parameters were 
used to find the SNR.

​SNR = Mean   grey   value   within   ROI________________________________
Standard   deviation   of   grey   value   within   ROI

 ​ Equation 3

Estimation of covariance (CoV) of the measured grey values gives a 
good insight into what is happening with the increase in thickness and 
was calculated as:

​CoV = ​ 
standard deviation of grey values​

   __________________________  
mean ​grey values

  ​ × 100%.... Equation 4

Results and discussion
Resolution
The spatial resolution of the planar X-ray system was determined from 
the gridlines of the phantom. The phantom consisted of four grids: A, 
B, C and D. The width of the lines/bars and their spacing for each grid 
were 0.8 mm, 1.0 mm, 1.2 mm and 1.4 mm, respectively. The ImageJ 
program evaluated the resolution by means of a data set collected in 
the parameters of distance and greyscale values. A polynomial graph of 
distance versus greyscale value was plotted for each line of every grid. 
Image resolution was evaluated quantitatively.

Table 2 shows the accumulation of the distance and initial and final grey 
values of Grids A and B. The distance and grey values for each line of the 
grids were generated from the ImageJ software. The final grey value is 
calculated by subtracting the initial grey value from the minimum value. 
This was done for all lines of Grids A and B.

Spatial resolution of the planar X-ray scanner was determined by 
calculating the full width at half maximum (FWHM) from each of the 
graphs in Figure 4. The FWHM was calculated using Equation 5.

​FWHM = ​|​z​ 1​​ − ​z​ 2​​| Equation 5

where z1 is the minimum distance (mm) value corresponding to the 
minimum grey value at 1/2hmax and z2​   ​ is the maximum distance (mm) 
value corresponding to the maximum grey value at 1/2hmax. Subtracting 
the minimum value of distance from the maximum value gives the 
resolution value for the grid and line under consideration.

Table 3 shows the spatial resolution measured from the three lines 
for Grids A and B. It can be observed that the grey value increases 
constantly with a corresponding increase in distance until it peaks 
and decreases steadily from the point of the highest peak as it 
approaches zero.

From Table 3, it can be seen that the average spatial resolution decreases 
with decreasing spatial frequency. The spatial frequency of Grid A (Table 
2) produced an average FWHM of 1.57 mm, while the spatial frequency
of Grid B (i.e. 1.0 mm width and 1.0 mm spacing) produced an average 

Distance 
(mm)

Grey value (initial) Grey value (final)

GAL1 
– GBL3 

GAL1 GAL2 GAL3 GBL1 GBL2 GBL3 GAL1 GAL2 GAL3 GBL1 GBL2 GBL3

0.0 1304.3 1033.2 1429.8 901.0 1028.0 2061.0 360.1 88.2 106.1 18.0 0.0 86.0

0.1 1107.5 945.0 1486.1 1117.3 1616.9 2138.6 163.3 0.0 162.4 234.3 588.9 163.6

0.3 1115.4 988.5 1436.8 2016.8 2431.4 2009.2 171.2 43.5 1131.0 1133.8 1403.4 34.2

0.4 1268.9 1146.1 1551.0 2496.5 2682.5 2147.8 324.7 201.1 227.3 1613.5 1654.5 172.8

0.6 1529.2 1498.3 1792.7 2491.9 2660.0 2470.3 585.0 553.3 469.0 1608.9 1632.0 495.3

0.7 2056.8 1959.4 2129.8 2418.5 2690.2 2677.1 1112.6 1014.4 806.1 1535.5 1662.2 702.1

0.8 2425.4 2174.7 2592.1 2543.3 2848.3 2795.0 1481.2 1229.7 1268.4 1660.3 1820.3 820.0

1.0 2604.2 2538.4 2665.9 2742.1 2881.9 2775.2 1660.0 1593.4 1342.2 1859.1 1853.9 800.2

1.1 2652.4 2534.0 2648.1 2813.6 2761.9 2832.4 1708.2 1589.0 1324.4 1930.6 1733.9 857.4

1.3 2701.8 2623.3 2660.5 2850.0 2670.5 2858.0 1757.6 1678.3 1336.8 1967.0 1642.5 883.0

1.4 2509.6 2612.4 2523.2 2802.0 2770.2 2770.7 1565.4 1667.4 1199.5 1919.0 1742.2 795.7

1.5 2552.0 2553.5 2112.5 2755.4 2694.1 2910.4 1607.8 1608.5 788.8 1872.4 1666.1 935.4

1.7 2362.0 2078.9 1731.5 2375.3 2528.0 2804.0 1417.8 1133.9 407.8 1492.3 1500.0 829.0

1.8 1940.0 1577.3 1388.4 2247.7 2386.3 2455.8 995.8 632.3 64.7 1364.7 1358.3 480.8

2.0 1376.4 1248.5 1323.7 2288.6 2265.1 2182.7 432.2 303.5 0.0 1405.6 1237.1 207.7

2.1 1024.6 1102.9 1387.6 2155.0 1977.5 1978.8 80.4 157.9 63.9 1272.0 949.5 3.8

2.3 944.2 1016.4 1449.6 1585.6 1396.9 1975.3 0.0 71.4 125.9 702.6 368.9 0.3

2.4 1044.5 1068.9 1328.5 1033.9 1035.3 2175.8 100.3 123.9 4.8 150.9 7.3 200.8

2.5 1249.4 1149.4 1570.1 883.0 1030.0 2427.0 305.2 204.4 246.4 0.0 2.0 452.0

Min value 944.2 945.0 1323.7 883.0 1028.0 1975.3

Table 2:	 Cumulative table of distance and initial and final pixel grey values for Grids A and B
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FWHM of 1.80 mm. This means that Grid A could be used to resolve lines/
bars that are 1.57 mm wide with 1.57 mm spacing, while Grid B can be 
used to resolve lines/bars that are 1.80 mm wide with 1.80 mm spacing. 
The smaller the FWHM, the better the spatial resolution. Due to the difficulty 
in the 3D printing of Grid C (i.e. 1.2 mm width and 1.2 mm spacing) and 
Grid D (i.e. 1.4 mm width and 1.4 mm spacing), images of Grid C and D 
were not included for calculating the spatial resolution. As the resolution of 
Grid A is lower than those of Grid B, Grid C and Grid D, it was more efficient 
in resolving structures with sizes less than 1.80 mm.

Resolution of the phantom could be attributed to the type of material 
used for measuring the spatial resolution or exposure parameters, such 
as the source to image (phantom) distance, output voltage, tube current, 
and exposure time used in the acquisition of images. When the source 
to image distance increases, the X-ray beam diverges, forming a cone 
shape and thereby affecting the intensity of the X-ray beam and quantity 
of X-rays. Also, attenuation due to low kilovoltage peak may lead to the 
desired image not generating.

In  this study, the FWHM was calculated based on the slit (i.e. grids) 
method on the digital detector. The resultant penumbral image provided 
a line spread function or Gaussian curve, from which the FWHM was 
estimated, due to a partial block of the radiation from the source by the 
grids.20,21

Contrast
Contrast was measured from eight holes of the same diameter and 
radius (Figure 3), filled with different thicknesses of aluminium inserts. 
Using the elliptical measurement tool in the Radiant DICOM viewer, an 
area of 0.1289 cm2 was drawn in the centre of each circular image 
(i.e. as region of interest) to obtain the intensity of grey values and their 
standard deviation. The thickness of the target increased with greyscale 
values, but greyscale values remained fairly the same beyond a target 
thickness of 16 mm. There is an attainment of saturation in grey value 
for an aluminium thickness beyond 16 mm. Also, the CoV became better 

with an increase in thickness saturating from ≥ 20.0 mm. A CoV of ≤5% 
is normally acceptable and ≤10% is within a good range. Data from this 
analysis are presented in Table 4 and Figure 5.

The X-ray intensity attenuation  across  the material is approximately 
the same for thicknesses greater or equal to 16 mm. This implies that 
the maximum contrast that can be measured by the phantom using 
exposure parameters of 52 kVp, 32 mA, 63 ms and a source to phantom 
distance of 700 mm is 4095 at a phantom thickness greater or equal to 
16 mm. This indicates the attainment of a saturation point for the mean 
grey values.

Contrast-to-noise ratio
The CNRs for each of the eight circular targets (holes) were also 
calculated using Equation 1.8

Table 5 shows the average greyscale in the ROI in the investigated 
tissues, backgrounds and standard deviations.

Negative CNR values indicate less signal than noise, and positive CNR 
values indicate more activation signal than noise.22

From Figure 5b, there is a steady increase in the CNR per aluminium 
thickness. This is because an increase in the depth of aluminium 
discs increases the relative X-ray transmittance in the phantom. The 
CNR  increased from a negative value of −13.7 for a thickness of 
0.00 mm to 24.90 for a thickness of 28.00  mm. In the exposure of 
the phantom for assessment, the first hole was left empty (without any 
aluminium insert) and this accounted for the 0.00 cm thickness. This is 
because without any aluminium insert present, there is no attenuation of 
X-rays in the medium, indicating less signal than noise. The CNR steadily 
increased per increase in thickness because attenuation increased as 
aluminium thickness increased. However, the CNR  did not change 
considerably with an increase in thickness from 16  mm to 28  mm. 
The standard deviation within this range also showed a steady change, 
indicative of the attainment of a saturation point.

Figure 4:	 Resolution graphs for lines 1, 2 and 3 for Grids A and B.

GRID
Line 1 Line 2 Line 3

Average of differences
Max Min Diff Max Min Diff Max Min Diff

A 2.06 0.40 1.66 2.02 0.42 1.60 1.90 0.45 1.45 1.57

B 2.12 0.32 1.80 2.08 0.22 1.86 2.14 0.40 1.74 1.80

Table 3:	 Resolution for lines of Grids A and B
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Signal-to-noise ratio
The signal-to-noise ratio (SNR) for each of the eight circular targets 
(holes) was calculated using  Equation 322 as shown in Table 4. 
The SNR as a measure compares a desired signal to the level of 
background noise. The higher the CNR is between structures, the 
lower the SNR needed. From Figure 5b, there is a steady increase 
in the CNR per aluminium thickness, hence a higher SNR is required 
for differentiation. The SNR changed steadily from a thickness of 
20  mm to 28  mm. The standard deviation within this range also 
showed a steady change, indicative of the attainment of a saturation 
point. According to the Rose model, the image quality of a system is 
acceptable if the SNR is greater or equal to 5.23

Conclusion
This study has shown that 3D printing techniques can be used for 
the manufacture of test phantoms for image quality assessment in planar 
X-ray imaging. We successfully designed and printed a  test phantom 
for in-house use in a low-resourced medical imaging facility in a LMIC 
that assessed image quality successfully. The phantom demonstrated 
the capability of being used for analysing image quality parameters, 
including resolution, contrast and CNR on general X-ray imaging systems. 
Subsequent plans include acceptance testing and commissioning tests 
for clinical use. This in-house quality control  equipment, at a unit 
price of USD150, could  be a good substitute for relatively expensive 
commercially available phantoms.

Position Thickness (mm) Min grey value Max grey value Mean grey value
Standard 
deviation

SNR Covariance (%)

1 0.0 618 976 815.44 61.93 13.17 7.6

2 4.0 1393 2019 1744.7 102.65 16.99 5.9

3 8.0 2638 3229 2892.29 99.01 100.26 3.4

4 12.0 3104 3835 3485.29 114.48 30.44 3.3

5 16.0 3431 4095 3793.71 113.39 33.46 3.0

6 20.0 3713 4095 4018.94 85.80 46.84 2.1

7 24.0 3719 4095 4009.25 86.95 46.11 2.1

8 28.0 4039 4095 4064.00 84.97 47.83 2.1

Table 4:	 Position of holes and their corresponding thicknesses, pixel grey values and signal-to-noise (SNR) ratios

a b

Figure 5:	 (a) Mean pixel grey value per aluminium thickness and (b) contrast-to-noise ratio per aluminium thickness.

Position Thickness (mm)
Mean grey value in ROI in 

investigated tissue
Mean grey value in ROI in 

background
Standard deviation of 

background
CNR

1 0.0 815.44 2084.17 92.88 −13.66

2 4.0 1744.7 2153.48 94.22 −4.34

3 8.0 2893.29 2199.22 98.48 7.05

4 12.0 3485.39 2276.26 107.63 11.23

5 16.0 3793.71 2240.47 97.51 15.93

6 20.0 4018.94 2145.87 96.05 19.50

7 24.0 4009.25 1994.34 86.96 23.17

8 28.0 4064.00 1849.41 88.91 24.91

Table 5:	 Thickness, mean grey pixel values of the region of interest (ROI) in investigated tissue and background, with associated standard deviations and 
contrast-to-noise ratios (CNR)
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Adsorption is one of the most easy-to-operate, less costly, efficient and, most importantly, environmentally 
friendly methods of removing toxic metals from aqueous environments. We used spent Impra Green Tea 
Ginseng Flavoured to recover mercury (Hg2+), lead (Pb2+) and cadmium (Cd2+) in binary and ternary 
systems from greywater. We undertook this study in binary and ternary systems at adsorbent dosages 
with a corresponding 100 mL varied initial metal concentrations of the greywater. The adsorption efficiency 
at varied concentrations and dosages in the binary systems by the spent tea waste ranged from 38.5% 
to 100% for lead, 11.50% to 100% for cadmium and was 100% for mercury. In the ternary system, the 
adsorption efficiency of toxic metals ranged from 28.91% to 72.85% for cadmium and was 100% for 
mercury and lead. The maximum adsorption capacity (Qe) for toxic metals in the binary system ranged 
from 38.46 to 81.97 mg/g for Pb2+ and 12.64 to 56.82 mg/g for Cd2+. The Langmuir adsorption isotherm 
model was the best fit for the adsorption of toxic metals by Impra Green Tea Ginseng Flavoured. The pH 
under which the experiments were conducted showed very high removal efficiency for lead and mercury 
but lower removal efficiencies for cadmium. Spent Impra Green Tea Ginseng Flavoured can be used as an 
effective and low-cost adsorbent of toxic metals from greywater or wastewater. Based on our findings, 
further studies should be conducted to determine the effects of varying the contact time, temperature and 
elevated metal concentrations in the greywater or other wastewater.

Significance:
• This study provides useful information on how spent Impra Green Tea Ginseng Flavoured can be used

as an effective and low-cost adsorbent of toxic metals from greywater or wastewater.

Introduction
Water pollution is currently an issue of great concern as it is very significant to all living organisms.1 Wastewater 
from industries, landfills and smaller firms serves as a significant  source of environmental pollution. This 
pollution results from the high amount of toxic metal ions present in the wastewater discharged.2 These metals are 
non-biodegradable and toxic, and have a high tendency to be incorporated into the food chain or food web and the 
ability to accumulate in the body of living organisms.3 The most common metals found in the effluents of most 
industrial wastewater include cadmium, mercury, lead, copper, zinc and chromium.2

Most applicable studies have focused on developing and designing efficient and low-cost methods and 
strategies to remove these heavy metals from water bodies and the environment as a whole. Some of 
these conventional strategies for recovering toxic metals from water bodies and the environment include 
reverse osmosis, evaporation, ion-exchange, solvent extraction, coagulation, and sorption.4 Although these 
approaches are commended to some extent, they are not without certain limitations which include cost, 
technical limitations, ineffectiveness when metal concentrations are above 1 mg/L, high energy consumption, 
production of a large amount of residual sludge and, finally, intervention technologies show high sensitivity to 
the operational conditions.2

The adsorption process is considered to be one of the most studied metal recovery approaches using 
low-cost adsorbents. Tea waste can be used as an adsorbent for toxic metal removal from wastewater5 
because of  its efficiency and ideal suitability as a vital material in removing toxic metal species such as 
cadmium, lead and mercury.6 Tea waste contains lignin, hemicellulose, cellulose and hydroxyl groups in its 
cell walls and ion exchangeability which gives it the ability to remove toxic metals by means of adsorption 
processes.6,7

Treated greywater has various beneficial purposes such as car washing, lawn irrigation, landscaping, garden 
watering and can contribute significantly to an increase in agricultural productivity.8 Waste green tea leaves can 
remove toxic contaminants as they are natural adsorbents.9 This also serves as a possible solution to the disposal 
of wastewater and its management problems. Similar studies have reported brewed tea waste removal of 99.01%, 
84.23% and 83.45% for Pb, Cd and Zn, respectively10, spent Chinese green tea removal that ranged from 98.18% to 
99.89% for Cd, 98.79–99.99% for Cr, 98.18–99.98% for Hg and 86.20–99.99% for Pb11, spent green tea removal 
that ranged from 99.99% to 100% for Hg, 99.99% to 100% for Pb and 11.11% to 18.28% for Cd in mono systems12 
and tea waste biochar removal of 68.2% for Cr.13 Additionally, employing waste tea residue, removal efficiencies of 
100% for Cu and 99.99% for Ni ions were attained.14
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Tea waste has recently gained popularity as an effective adsorbent 
for removing metal ions from waste streams due to its capacity to 
defeat these pollutants. Tea leaves’ insoluble cell walls are primarily 
composed of cellulose, tannins, lignin and structural proteins. Because 
these components contain functional groups, particularly carboxylate, 
phenolic hydroxyl and oxyl groups15, they have good potential as metal 
scavengers from solutions and wastewaters. Toxic metals co-exist 
and constitute contaminants that pose a serious threat to the aquatic 
ecosystem due to their toxicity. Toxic metal removal from wastewater, 
particularly greywater, would significantly help improve public and 
environmental health. The use of tea waste as an adsorbent for the 
removal of toxic metals in wastewater via the process of adsorption is 
very ecofriendly, economic and highly efficient. Potable drinking water 
can be further conserved when treated greywater is used in place of 
potable drinking water for backyard gardens, flushing toilets and other 
basic activities. Most developing countries are incapable of adopting the 
use of activated carbon for wastewater treatment due to the technical 
expertise and cost. Finding a low-cost, efficient technology to remove 
heavy metals from water becomes essential. Adsorption is a technique 
that is quite effective for this purpose, but cost is a key factor, and 
the sorts of adsorbents that are typically utilised are pricey. Our study 
therefore explored the use of a low-cost tea waste as an adsorbent to 
simultaneously remove toxic metals from greywater.

Materials and methods
Greywater sampling and technique
Greywater from bathtubs, hairdressers and laundry was collected in 
the Nyankpala Campus of the University for Development Studies, 
Ghana. The greywater was collected  into polypropylene bottles and 
kept in an ice chest and conveyed to the Spanish Laboratory Complex 
in the Nyankpala Campus. The sampled greywater was then mixed to 
have a uniform composition. This was done because the quantity of 
toxic metals in greywater can be variable depending on the source and 
it is dependent on the source.16 All other equipment (hand gloves, ice 
chest and voltic plastic bottles) for greywater sampling were properly 
cleaned. The sampling technique employed was purposive sampling. 
Samples were taken over two days in January 2020 at 6:30 and 19:30 
local time.

Preparation of Impra Green Tea Ginseng Flavoured 
adsorbent
The spent tea bags of Impra Green Tea Ginseng Flavoured acquired 
were emptied and soaked in hot distilled water for 2 h and then washed 
continuously. This washing was to ensure that  the remaining solution 
became colourless. The Impra Green Tea Ginseng Flavoured was 
used due to its properties such as large surface area and functional 
groups. Spent tea is likely to have some coloured components, tannins, 
proteins and polysaccharides that are hydrolysable.10 Washing them was 
meant to remove any substance that might cause contamination. After 
continuous rinsing with hot distilled water to remove the colour, the tea 
was air dried for 24 h. In the adsorbent preparation, deionised water 
was used in the washing of the tea waste adsorbent until the solution 
became colourless. This current experiment was based on methods and 

techniques used in previous studies for the preparation of raw adsorbent 
materials such as tea waste.17,18 The particle size of the tea waste used 
was between 150 μm and 250 μm.

Preparation of stock solution used for spiking of the 
greywater
To achieve 1 mg of each of the toxic metal compounds, the molecular 
weights of HgCl2 (271.50), Pb(NO3)2 (331.21) and Cd(NO3)2 (236.42) 
were ascertained and divided by the atomic weights of Hg (200.60), Pb 
(207.20) and Cd (122.41), respectively. The stock solutions were set 
up by dissolving precisely weighed 1.35 g of mercury chloride (HgCl2), 
1.60 g of lead nitrate (Pb(NO3)2) and 1.93 g of cadmium nitrate Cd(NO3)2 
in distilled water to prepare solutions of 1000 mg/L concentration each 
of the toxic metal in a 1000 mL volumetric flask.

Analysis of greywater and adsorption experiment
The greywater sampled was filtered using a glass filtering funnel and 
Whatman’s qualitative filter paper (Ashless, circle, Cat No. 1442 125, 
125 mm Ø) and was stored in a 35 mL sampling bottle as control and 
analysed to determine the initial concentrations of mercury, lead and 
cadmium. The results obtained after the analysis of the control sample 
for mercury, lead and cadmium were 0.00 mg/L, 0.00 mg/L and 
0.86 mg/L, respectively. The experiment was then carried out by spiking 
the raw greywater at maximum contamination limits of 0.10  mg/L, 
0.10 mg/L and 0.04 mg/L for mercury, lead and cadmium, respectively. 
The respective binary or ternary stock solutions were each pipetted into 
1000 mL of the greywater to obtain the resulting concentrations in binary 
and ternary systems (Table 1).

For the binary system, the concentrations in the spiked greywater were 
0.10 mg/L for mercury and 0.10 mg/L for lead; 100 mL of greywater was 
used and a dosage of 1 g of the tea waste adsorbent was taken into a 
conical flask (Table 1). The concentrations in the spiked greywater were 
0.10 mg/L for mercury, 0.10 mg/L for lead, and 0.90 mg/L for cadmium 
in the ternary system and 100 mL of greywater and a dosage of 1 g of 
the tea waste adsorbent was taken into a conical flask (Table 1). Again, 
similar experiments were carried out for mercury, lead and cadmium 
in the binary and ternary systems at increasing concentrations of 1.00 
mg/L, 1.00 mg/L and 1.86 mg/L, respectively, at 100 mL of greywater 
and at 3 g of tea waste adsorbent dosage (Table 1). At 5 g of the tea 
waste adsorbent dosage and at a volume of 100 mL of greywater, the 
concentrations of mercury, lead and cadmium in the binary and ternary 
systems were 5.00 mg/L, 5.00 mg/L and 5.86 mg/L, respectively (Table 1),  
with the pH ranging from 6.05 to 7.74 at a temperature of 25 °C. All 
experiments were carried out at the Spanish Laboratory Complex of 
the University for Development Studies, Nyankpala Campus. The elutes 
obtained were transported to the Ecological Laboratory of the University 
of Ghana for analysis using a Perkin Elmer PIN Accle 900T GRAPHITE 
Atomic Absorption Spectrophotometer (AAS) (Waltham, USA). The 
detection limits of the metal ions were 0.0001 mg/L for Hg, 0.003 mg/L 
for Pb and 0.0008 mg/L for Cd. The percentage recovery of standard for 

each metal was calculated as recovery (%) = ​​  mean value ____________  
Added amount

 ​​× 100 and 

the recovery (%) obtained was 99.70%.

Batch Metal
Concentration (mg/L) at 1 g of 
dosage

Concentration (mg/L) at 3 g of dosage
Concentration (mg/L) at 5 g of 
dosage

Binary

Hg vrs Pb 0.10 vrs 0.10 1.00 vrs1.00 5.00 vrs 5.00

Hg vrs Cd 0.10 vrs 0.90 1.00 vrs 1.00 5.00 vrs 5.86

Pb vrs Cd 0.10 vrs 0.90 1.00 vrs 1.86 5.00 vrs 5.86

Ternary Hg vrs Pb vrs Cd 0.10 vrs 0.10 vrs 0.90 1.00 vrs 1.00 vrs 1.86 5.00 vrs 5.00 vrs 5.86

Table 1:	 Contamination limits of toxic metals in the greywater at varied dosages in binary and ternary systems
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Calculation for adsorption efficiency of mercury, lead and 
cadmium
The equilibrium concentration of the adsorbent and the uptake of the 
toxic metal which is denoted by the symbol Qe for each toxic metal at 
each adsorbent dosage was calculated using Equation 1. The removal 
efficiency (Qe) was calculated as:

​​Q​ e​​ = ​ 
​c​ i​​ − ​C​ f​​ _ 

M
  ​ × V​ 	 Equation 1

In percentage, adsorption capacity was calculated as:

​​Q​ e​​ = ​ 
​(​C​ i​​ − ​C​ f​​)​ _ 

​C​ i​​
  ​ × 100​ 	 Equation 2

where Qe is the adsorption capacity, Ci is the initial concentration of the toxic 
metal, Cf is the final concentration of the toxic metal after adsorption, M is 
the amount or dosage of adsorbent, and V is the volume of the solution.

Adsorption isotherms
Langmuir and Freundlich isotherm models were mathematically 
expressed based on their assumptions. The Langmuir isotherm model 
was first described in the removal of the gas molecule onto an analogous 
solid surface.19 This isotherm is often used to determine the maximum 
removal or adsorption capacity including the type of interaction between 
the metals and the adsorbent.20 This can be known from  a linear 
mathematical equation provided the reaction is linear. Below is the 
Langmuir isotherm formula in the linear form:

​​ 
​C​ e​​ _ 
​Q​ e​​

 ​ = ​  1 _ 
​K​ L​​ ⋅ ​Q​ m​​

 ​ + ​ 
​C​ e​​ _ 
​Q​ m​​

 ​​ 	 Equation 3

​​ 
​C​ e​​ _ 
​Q​ m​​

 ​ = ​  1 _ 
​K​ L​​ ​Q​ max​​

 ​ + ​ 
​C​ e​​ _ 

​Q​ max​​
 ​​ 	 Equation 4

where Ce is the concentration of the adsorbate at equilibrium (mg/g), KL is 
the Langmuir constant (L/mg) and Qmax (mg/g) is the number of adsorbed 
molecules on the adsorbent surface at any time.21

This model goes with RL as the separation factor. This enables us to 
better ascertain the important characteristics of the Langmuir adsorption 
isotherm model. Also, it is a dimensionless constant. RL is expressed as:

​​R​ L​​ = ​  1 _ 
1 + ​K​ L​​ ​C​ o​​

 ​​ 	 Equation 5

where KL is the Langmuir constant (mg/g), and Co is the adsorbate initial 
concentration.

When RL>1, the adsorption is considered to be unfavourable;  when 
RL=1 it is linear; when RL=0, it is irreversible, and finally when  
0˂RL˂1, it is favourable.22

The Freundlich model delineates the reversible and imperfect less ideal 
adsorption process. This isotherm often fits adsorption processes 
which occur on heterogeneous surfaces in the gas phase.23 In the 
Freundlich adsorption isotherm, high sufficient pressure results in the 
infinite limit, which means it does not fit best to a wide range of data 
from adsorption experiments.23 The standard Freundlich adsorption 
isotherm model is:

​​Q​ e​​ = ​K​ F​​ ​C​ e​ 
1/n​​ 	 Equation 6

where Qe is the quantity of toxic metal removed at equilibrium, per gram 
of the adsorbent (mg/g); KF is the Freundlich isotherm constant (mg/g); 
Ce is the concentration of the adsorbate at equilibrium (mg/L); n is the 

empirical constant; and ​​ 1 _ n ​   ​is the adsorption intensity. The linear form of 
the Freundlich model is:

​Log  ​Q​ e​​ = Log ​K​ F​​ + ​ 1 _ n ​ log ​C​ e​​​ 	 Equation 7

The ​​ 1 _ n ​   ​ shows how energy is relatively distributed and how heterogeneous 

the adsorption sites are.22,23 If ​​ 1 _ n ​   ​ <1, it means the adsorption is normal. 

If ​​ 1 _ n ​   ​>1, it indicates that there is co-operative adsorption. If n=1, it means 
two-phase partition that does not rely on concentration has occurred.22

Results and discussion
Adsorption of toxic metals by tea in the binary system
The adsorption efficiency of mercury and lead at concentrations of 0.10, 
1.00 and 5.00 mg/L by the tea waste adsorbent was 100% for mercury 
and ranged from 38.52% to 100% for lead (Table 2). In the binary 
systems, we observed a good removal efficiency for both Hg2+ and Pb2+ 
with Hg2+ having complete removal efficiency throughout at all dosages. 
Pb2+ had complete removal efficiency at 1 g and 3 g but showed a lower 
removal efficiency at an adsorbent dosage of 5 g. As both metals in the 
system were bivalent, it is most likely that the active or sorption sites 
were occupied or reacted with Hg2+ before Pb2+. Another reason for the 
fall of removal efficiency can be accrued to the formation of clusters 
and complexes of ions at the active sites by Hg2+ which prevented or 
obstructed effective utilisation of the active sites.24

Metal Dosage (g) Initial concentration (mg/L) Final concentration (mg/L) Percentage (%)

Hg: Pb

1

3

5

0.10: 0.10

1.00: 1.00

5.00: 5.00

0.00: 0.00

0.00: 0.00

0.00: 3.07

100: 100

100: 100

100: 38.52

Hg: Cd

1

3

5

0.10: 0.90

1.00: 1.86

5.00: 5.86

0.00: 0.00

0.00: 1.17

0.00: 3.26

100: 100

100: 37.36

100: 44.36

Pb: Cd

1

3

5

0.10: 0.90

1.00: 1.86

5.00: 5.86

0.00: 0.24

0.00: 1.26

0.91: 5.19

100: 73.10

100: 37.36

81.84: 11.50

Table 2:	 Removal percentage of toxic metals by tea waste adsorbent in the binary system
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The adsorption efficiencies of the tea waste adsorbent in the binary 
systems was 100% for mercury and ranged from 37.36% to 100% for 
cadmium (Table 2). In the binary system of Hg2+ and Cd2+, Hg2+ had 
complete removal efficiency at all dosages and concentrations. Cd2+ 
had complete removal efficiency at 1 g of adsorbent dosage and lower 
removal at 3 g and 5 g. The overall performance shows that Hg2+ had 
a higher removal efficiency than Cd2+ (Hg2+ > Cd2+). This is as a result
of the nature of the surface and the interaction with the competing metal 
ions. Hg2+ has an ionic radius of 1.02 Å and Cd2+ has an ionic radius of 
0.97 Å, which depicts the size of the metal ions.25 Based on the size of 
the metal ions, Hg2+ has a larger size and hence is capable of occupying 
the active binding sites of the adsorbent more quickly which explains 
why it had a greater affinity for the tea waste. The strength of adsorption 
of metals onto agriculture waste adsorbent (biochar) is dependent on the 
ionic radii of the metal ions, electronegativity, charge, active site affinity, 
and the type of metal binding.25

The adsorption efficiency of tea waste for lead and cadmium in binary 
systems ranged from 81.84% to 100% for lead and 11.50% to 73.10% 
for cadmium (Table 2). In the binary system of Pb2+ and Cd2+, Pb2+ had 
complete removal efficiency at all dosages. Cd2+ showed a promising 
removal efficiency at 1 g of adsorbent dosage by achieving higher 
removal efficiency, and subsequent dosages recorded a lower removal 
efficiency. Adsorption efficiency of Pb2+ by Impra Green Tea Ginseng 
Flavoured was greater than that for Cd2+ (Pb2+ > Cd2+) because of the
strong and higher electronegativity of Pb2+ (2.33) than Cd2+ (1.69).25 
Due to this characteristic, Pb2+ would occupy active sites faster than 
Cd2+. Toxic metals such as Pb2+ have greater affinity with adsorbents 
that have cellulose and lignin surface sites.26 The binding sites of tea 
waste constitute carboxyl groups and a -OH binding group which has 
a greater affinity for Pb2+. Lead having greater removal efficiency than 
cadmium can also be attributed to the fact that the affinity of Pb2+ for 
most functional groups in organic matter is higher than that of Cd2+. This 
is due to the variations in the metal ion chemical makeup and attributes 
or characteristics between Pb2+ and Cd2+.27

Adsorption of toxic metals by tea in the ternary system
The adsorption efficiency for  mercury, lead and cadmium in the ternary 
system at varied concentrations was  100% for both mercury and lead 
and ranged from 20.88% to 72.85% for cadmium (Table 3). In the ternary 
system, Hg2+, Pb2+ and Cd2+ had effective removal. There was complete 
removal of Hg2+ and Pb2+ at all dosages. The trend for this experiment 
was Pb2+>Hg2+>Cd2+. Pb2+ had a greater affinity to the binding or active
sites of the tea waste adsorbent than did Hg2+ and Cd2+. This is due to 
the electronegativity of the metal ions (Pb2+=2.33, Hg2+=2.00, Cd2+=1.69)

which gives Pb2+ the upper hand in the surface electrostatic attraction and 
the complexation of the inner sphere surfaces of the adsorbent.25 Also, 
Pb2+ has a better affinity for functional groups that exist in organic matter 
such as the carboxyl groups and -OH binding sites than Hg2+ and Cd2+.26 
In a similar study done by Wan et al.26, Pb2+ had greater affinity to the tea 
waste functional groups and higher maximum adsorption capacity than 
Cd2+ and Cu2+ in their batch experiment. Their experiment showed the trend 
Pb2+>Cu2+>Cd2+, indicating that Pb2+ had the greatest affinity to the tea
wastes’ functional groups.

Langmuir and Freundlich adsorption isotherms
The Langmuir adsorption isotherm was employed to explain the nature 
and estimate the adsorption capacity of the toxic metals onto the tea 
waste adsorbent in the greywater in two batches (binary and ternary 
systems). The maximum adsorption capacity (Qe) for the three metals 
in the batch experiment ranged from 38.46 to 81.97 mg/g for Pb2+ and 
12.64 to 56.82 mg/g for Cd2+. In the binary systems, Qmax ranged from 
12.64 mg/g to 81.97 mg/g and 38. 61 mg/g in the ternary system. RL 
ranged from −0.58 to 4.30 for metals in the binary systems and 8.83
for metals in the ternary system. The correlation coefficient (R2) for the 
Langmuir adsorption isotherm could not be computed for toxic metals 
that had 100% complete adsorption (Figures 1–5). R2 values for the 
Langmuir adsorption isotherm for mercury, lead and cadmium metals in 
the binary systems ranged from 0.7710 to 1.00 (Table 4). In the ternary 
systems, the R2 obtained was 0.6109 for cadmium (Table 4).

The  findings show that the Langmuir adsorption isotherm model was 
the best fit for the adsorption of toxic metals by Impra Green Tea 
Ginseng Flavoured adsorbent. R2 values depict the order of the batch 
experiment as binary system > ternary system. The adsorption of
mercury, cadmium and lead ions onto the tea adsorbent was monolayer 
with equal affinity in binding sites for adsorption. The Langmuir isotherm 
is used when the adsorption process is monolayered with an identical 
and finite number of sites.22,23 This model was used to ascertain the 
nature and type of adsorption that took place on the surface of the 
adsorbent. A similar study done by Wan et al.26 obtained an R2>0.97 for
all R2 values for both Langmuir and Freundlich isotherms. Hg2+ had the 
highest maximum adsorption capacity throughout the entire experiment. 
A similar study recorded maximum adsorption capacities for Pb2+, Cd2+ 
and Cu2+ of  33.49, 16.87 and 21.02  mg/g, respectively, at optimum 
conditions using tea waste as an adsorbent.26 From the results, lead and 
cadmium negative values for KL indicate a weak interaction. Whilst higher 
KL values suggested a strong affinity between the metal ions and the tea 
adsorbent. RL for Cd2+ in the binary and ternary system was greater than 
1, implying the sorption process was unfavourable. This result indicates 

Metal Dosage (g) Initial concentration (mg/L) Final concentration (mg/L) Percentage (%)

Hg: Pb: Cd

1

3

5

0.10: 0.10: 0.90

1.00: 1.00: 1.86

5.00: 5.00: 5.86

0.00: 0.00: 0.24

0.00: 0.00: 1.47

0.00: 0.00: 4.17

100: 100: 72.85

100: 100: 20.88

100: 100: 28.91

Table 3: 	 Removal percentage of toxic metals by tea waste adsorbent in the ternary system

Metal Langmuir parameter Freundlich parameter

Qmax  (mg/g) K L   (l/ mg) RL R2
​​1 ⁄ n​​ N KF (mg/g) R2

Pb: Hg 38.46 −2.30 × 10−16 2.00 1.00 1.50 0.67 18.26 0.3390

Cd: Hg 56.82 0.66 5.30 0.7710 −78.13 −0.01 48.05 0.0001

Cd: Pb 12.64 −0.32 0.42 0.9972 −1.90 −0.53 28.26 0.9478

Pb: Cd 81.97 8.20 × 10−17 2.00 1.00 −0.06 −15.54 18.26 0.6743

Cd: Pb: Hg 38.61 1.14 7.71 0.6109 −3.26 −0.31 31.86 0.2886

Table 4:	 Modelling of Langmuir and Freundlich isotherms
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Figure 1:	 Langmuir isotherm graph for the adsorption of lead in greywater by spent Impra Green Tea Ginseng 
Flavoured in a binary system (Pb: Hg).

Figure 2:	 Langmuir isotherm graph for the adsorption of cadmium in greywater by spent Impra Green Tea Ginseng 
Flavoured in a binary system (Cd: Hg).

Figure 3:	 Langmuir isotherm graph for the adsorption of cadmium in greywater by spent Impra Green Tea Ginseng 
Flavoured in a binary system (Cd: Pb).
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that tea waste can be used as a good sorbent for the removal of toxic 
metals such as mercury and lead.

The Freundlich adsorption isotherm was utilised to consider the 
fitness of the batch experiments with the heterogeneity of surface 
sites of the tea waste adsorbent and the adsorption of toxic metals. 
For toxic metals in the binary systems, ​​1 ⁄ n​​ ranged from −78.13 to
1.50 and −3.26 for the ternary system (Table 4). N values for binary
and ternary systems ranged from 15.54 to 0.67 (Table 4). KF (mg/g) 
values for the batch experiments ranged from 18.26 to 48.05 mg/g 
(Table 4). Freundlich adsorption isotherm correlation coefficient 
values for toxic metals in the binary systems ranged from 0.0001 to 

0.9478, and 0.2886 for the ternary system (Table 4). The Freundlich 
adsorption isotherm was employed to describe the adsorption 
process between the toxic metals under study (Hg2+, Pb2+ and Cd2+) 
and the spent Impra Green Tea Ginseng Flavoured adsorbent (Figures 
6–10). The experimental data obtained fit the model well with Cd2+ 
fitting the model best. The Freundlich isotherm offers an expression 
that enables the description of heterogeneous surfaces of adsorbent 
and the exponentially distributed actives sites on them and their 
energies.22 In the binary and ternary systems, only some experimental 
data obtained fitted this model. The ​​1 ⁄ n​​ values for metals in the binary 
and ternary systems were mostly less than unity.

Figure 4:	 Langmuir isotherm graph for the adsorption of lead in greywater by spent Impra Green Tea Ginseng 
Flavoured in a binary system (Pb: Cd).

Figure 5:	 Langmuir isotherm graph for the adsorption of cadmium in greywater by spent Impra Green Tea Ginseng 
Flavoured in a ternary system (Hg: Pb: Cd).

Figure 6:	 Freundlich isotherm graph for the adsorption of lead in greywater by spent Impra Green Tea Ginseng 
Flavoured in a binary system (Pb: Hg).
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Figure 7:	 Freundlich isotherm graph for the adsorption of cadmium in greywater by spent Impra Green Tea Ginseng 
Flavoured in a binary system (Cd: Hg).

Figure 8:	 Freundlich isotherm graph for the adsorption of cadmium in greywater by spent Impra Green Tea Ginseng 
Flavoured in a binary system (Cd: Pb).

Figure 9:	 Freundlich isotherm graph for the adsorption of lead  in greywater by spent Impra Green Tea Ginseng 
Flavoured in a binary system (Pb: Cd).
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Conclusion
Spent Impra Green Tea Ginseng Flavoured was used as an adsorbent 
to remove mercury, lead and cadmium from greywater. The removal 
of toxic metals from greywater  by a low-cost tea waste adsorbent 
was  highly efficient and effective throughout the experiment 
except for cadmium which yielded lower removal efficiency. The 
experimental data fitted better  in the Langmuir adsorption isotherm 
than in the Freundlich isotherm. The adsorption capacity and rates 
are dependent on the spent Impra Green Tea Ginseng Flavoured 
dosage, initial concentration, pH solution, particle size, resident time 
and some other experimental conditions. Spent Impra Green Tea 
Ginseng Flavoured can be used as an alternative, effective and cheap 
adsorbent of toxic metals from greywater and wastewater. There is 
a need for fur ther studies on using tea waste adsorbent to remediate 
other wastewater to have a better understanding and establish a wider 
range of applicability of the adsorbent. We did not vary  the contact 
time, temperature or toxic metal concentrations. Further study should 
therefore be undertaken to vary the contact time, temperature and 
metal concentrations in the greywater.
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Cissus rotundifolia (Forssk.) Vahl. (Vitaceae) is a wild plant that is commonly used by communities from rural 
areas as a food and medicine. There are limited studies on the phytochemical composition and the impact 
of soil quality on the elemental distribution in this plant. In this study, we report a phytochemical analysis 
to identify the phytocompounds responsible for the reported biological activities of C. rotundifolia. We also 
examined the impact of soil quality on elemental uptake by the edible parts of C. rotundifolia collected from 
eight geographical locations in KwaZulu-Natal (South Africa) to assess the nutritional benefits and potential 
heavy metal toxicities. Three secondary metabolites (stigmasterol, β-sitosterol, and pheophytin a) were
isolated, and their structures were characterised by high-resolution mass spectrometry and nuclear magnetic 
resonance data. The plant was found to contribute adequately to the recommended dietary allowances for 
essential nutrients without exceeding tolerable upper intake limits and with low concentrations of toxic heavy 
metals. The average concentrations of microelements in the edible parts were found to be in decreasing 
order of Fe>Mn>Se>Zn>Cu>Cr>Ni>Co. The bioaccumulation factors indicate that the plant controls the
uptake of metals from the soil and would make a good indicator and biological monitor for cadmium toxicity. 
However, a health risk assessment exposed carcinogenic risks on regular consumption of the plant obtained 
from sites close to pollution sources, such as roads and landfills. The findings from this study show the 
synergies when consuming medicinal plants and provide evidence for C. rotundifolia as a nutraceutical.

Significance:
This study provides additional scientific knowledge on the phytochemical composition of C. rotundifolia. 
Three phytocompounds (stigmasterol, β-sitosterol, and pheophytin a) were isolated, and their presence may 
be correlated to this plant’s antidiabetic, anti-inflammatory, and antibacterial properties. This study shows 
that C. rotundifolia contributes adequately to the recommended dietary allowances for essential elements, 
and the plant is safe for human consumption if collected from non-polluted sites. The carcinogenic and 
non-carcinogenic estimates for the toxic metals due to consumption of the plant signify the possibility of 
developing cancer over time if the plant is consumed frequently from polluted sites.

Introduction
The World Health Organization (WHO) estimated that 80% of the world’s population depends on plants for their 
primary needs, such as food and medicine.1 Medicinal plants are a rich source of bioactive phytochemicals, which 
can be used directly as new drugs or developed into lead compounds for optimisation into novel drugs against 
various diseases.1 Nonetheless, information on most medicinal plants’ phytochemistry still needs enhancement.1 
In addition, local people from disadvantaged communities consume wild-growing edible plants to meet their 
nutritional needs and to diversify their diet.2,3 Essential elements obtained from these plants are necessary for 
the metabolic processes and functioning of the human body, and their deficiencies or excessiveness can have 
detrimental health effects.4,5 Therefore, it is essential to study the nutritional value of wild edible plants.

Wild edible plants and medicinal plants are often considered safe for human consumption; however, many studies 
have reported on the contamination of these plants by toxic elements from their growing environments.6-8 As a 
result, studies focused on evaluating edible plants for heavy metal toxicity are of great importance to human health. 
Cissus rotundifolia (Forssk.) Vahl. (Vitaceae) is a wild, edible medicinal plant that grows in various regions of 
East and Central Africa, Zimbabwe, Mozambique, Egypt, Yemen, Saudi Arabia, and South Africa.9,10 The plant has 
several biological activities, including antioxidant, antibacterial, anti-diabetic, anti-inflammatory, anti-fertility, anti-
ulcerative, anti-parasitic, antimalarial, and cytotoxicity.9,11-13

Previous phytochemical studies on C. rotundifolia resulted in the characterisation of a triterpene, flavonoids, steroidal 
saponin, cissuxinoside, and cissoic acid.9,14 Another study on the phytochemistry of C. rotundifolia identified 1-O- 
(4-coumaroyl)-β-D-glucopyranose as an active principle against diabetes.9 However, compounds responsible for
the other biological activities of this plant have not been identified. The cooked leaves of C. rotundifolia are widely 
consumed by people in rural areas of South Africa and other parts of the world for their nutritional and therapeutic 
benefits.9,15 The plant is also used as a cheap thickening agent.10 The leaves and fruits of C. rotundifolia collected 
from different regions of Saudi Arabia, and Yemen were reported to contain enough essential nutrients, including 
carbohydrates, proteins, fats, vitamins, minerals, and amino acids.15-18 The mineral composition of the stem of C. 
rotundifolia and the impact of soil quality on elemental distribution in this plant have not been reported.

In this study, we report on the phytochemical analysis of C. rotundifolia, intending to find additional bioactive 
compounds responsible for the plant’s purported biological activities. We also report on the elemental composition 
of the leaves and stems collected from different geographical sites in KwaZulu-Natal (South Africa) to assess the 
plant’s nutritional benefits and potential heavy metal toxicities.
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Materials and methods
Sample preparation and analysis
C. rotundifolia plant and soil samples were collected from eight sites 
in KwaZulu-Natal, South Africa (Figure 1): Margate (S1), Ballito (S2), 
Richards Bay (S3), Shongweni (S4), Cato Ridge (S5), St Lucia (S6), 
Amanzimtoti (S7), and Umgababa (S8). Except for sampling sites S4 
and S5, the sites are along the coast; it was assumed that they are non-
polluted as they are far from roads, landfills, and other pollution sources. 
S4 and S5 are inland and very close to pollution sources (S4 is close to 
a landfill site, and S5 is close to a railway line and a truck stop).

Collected plant material was placed in plastic bags, sealed, and stored. 
Plant specimens from each sampling site were submitted for authentication 
by the taxonomist, Mr Edward Khathi, in the School of Life Sciences 
(University of KwaZulu-Natal, South Africa), where a voucher specimen 
(Buthelezi C 01-18274) was deposited. The soil was collected from the 
eight sites at 10–15 cm below the plant’s roots using a plastic spade. 
Plant samples were washed with double-distilled water, dried in the oven at  
50 °C for 24 h, and then crushed using a pestle and mortar. Plant material 
from site 7 (Amanzimtoti) was used for phytochemical analysis due to the 
large quantity available at this site. Composite soil samples from each site 
were obtained by coning and quartering. Soil samples (10 g) were sieved 
through a 2 mm mesh sieve to get uniform particle size, air dried, and 
crushed using a mortar and pestle. All dried samples were stored in sealed 
plastic bags and kept in a refrigerator at 4 °C.

Nuclear magnetic resonance (NMR) analysis was performed using 
the Bruker Avance III spectrometers (400 MHz and 600 MHz). The 
isolated compounds were dissolved in deuterated chloroform (CDCl3) 
or methanol (MeOD), and tetramethylsilane was used as the internal 
standard. Chemical shifts (δ) and coupling constants are reported in
ppm and Hertz (Hz), respectively. Column chromatography was packed 
using Merck silica gel 75–230 μm. Thin-layer chromatography (TLC)
plates were pre-coated with Merck silica gel 60 F254. Agilent GC-MSD 
was used to obtain the mass of the compounds.

The elemental analysis of the plant and soil was performed using 
analytical grade solvents from Sigma Aldrich (St. Louis, MO, USA). 
The laboratory glassware and the glass bottles were soaked in 3 M 
nitric acid (HNO3), rinsed with double distilled water, and air dried. A 
CEM Microwave Accelerated Reaction System with MARSXpressTM 
vessels and infrared temperature sensors (CEM Corporation, NC, USA) 
was used for acid digestion of the plant samples. Inductively coupled 
plasma-optical emission spectrometry (ICP-OES) (PerkinElmer, Optima 
5300Dual View, Billerica, MA, USA) was used for elemental analysis.

Extraction and purification
The dried powdered roots (572 g), stems (461 g), and leaves (562 g) were 
extracted with dichloromethane (DCM) and MeOH for 48 h consecutively. 
The extracts were filtered and concentrated using a rotary evaporator 
to give the crude extracts, which were stored in the fridge until further 
use. The extracts from the stems and leaves had similar TLC profiles. 
The DCM crude extract from the roots (11.65 g), stems (17.65 g), and 

leaves (50.44 g) were fractioned on a silica gel column using different 
proportions of hexane and ethyl acetate (starting from 100% hexane 
and increasing the polarity by 10% to 100% ethyl acetate). The collected 
fractions were profiled using TLC to give six main fractions. Compound 
1 (110 mg, 0.94% of the DCM extract) and compound 2 (35 mg, 0.3% 
of the DCM extract) were isolated from fractions 1 and 2 of the DCM root 
extract, respectively. The DCM extract of the leaves was fractionated to 
give three main fractions, and compound 3 (6.4 mg, 0.013% of the DCM 
extract) was isolated from fraction 2.

Elemental analysis
Plant material (0.25 g) and the certified reference material (CRM) were 
weighed into microwave vessels with 10 mL HNO3 in three replicates. 
The samples were pre-digested for 30 min before microwave digestion. 
The power was set to 100% (1600 W at 180 °C) for 20 min. The holding 
time and cooling times were set to 15 min each. After digestion, the 
samples were filtered through 0.45 μm nylon membrane filters with
a 25 mm syringe into 50 mL volumetric flasks topped up to the mark 
with double-distilled water, transferred into 15 mL polypropylene vials, 
and refrigerated at 4 °C before analysis. The elements measured were: 
arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper 
(Cu), iron (Fe), manganese (Mn), nickel (Ni), palladium (Pd), selenium 
(Se), and zinc (Zn); the elements were measured using ICP-OES and 
concentrations are presented as mg/kg dry weight (DW) of the sample.

Quality assurance
The validity of an analytical method was determined by evaluating 
the certified reference material (CRM, strawberry leaves, LGC-7162, 
Community Reference Bureau of the Commission of the European 
Communities, Brussels, Belgium). The wavelength which produced 
the most acceptable CRM results with the highest intensity and no 
interfering elements (Table 1) was selected. Reagent blanks and 
calibration standards for each element in double-distilled water (within 
the estimated ranges) that were prepared from 1000 mg/L stock 
standard solutions (Fluka Analytical, Sigma, Switzerland) were used to 
produce five-point calibration curves relating to concentration strength. 
The best linear fit of the curves was chosen. All samples, including 
calibration standards and blanks, were analysed in 70% nitric acid to 
eliminate matrix effects and reduce spectral interferences. The CRMs 
were analysed to verify the correctness and exactness of the calibration 
curve and were also used to accept or reject the calibration curve. 
The limit of detection (LOD) and limit of quantification (LOQ) were also 
determined to validate the method.

The method’s accuracy was determined by comparing mean 
experimental values from three replicates to the certified values for 
an analyte using the CRMs (Table 1). A two-sample t-test (assuming 
equal variances) confirmed the accuracy as there were no statistically 
significant differences between the means (p>0.05). Method precision,
which shows measurement closeness after repeated analysis of an 
analyte, was estimated by comparing the %RSD for the CRM. This 
should be within 20% of the true value. The experimental values at 
the 95% confidence interval were within the appropriate range of that 
stipulated for the CRM. Therefore, the analytical method was accepted.

Bioaccumulation factor and pollution indicator
The bioaccumulation factor (BAF) defines the ability of plants to 
accumulate and store heavy metals in the soil. BAF is calculated as 
the plant’s metal concentration ratio to the metal concentration in the 
corresponding soil (Equation 1).19

​BAF = Metal
plant

 _ 
Metal

 ​ soil​ Equation 1

The geoaccumulation index (Igeo) determines the soil’s degree of metal 
pollution in the seven grades ranging from uncontaminated to extremely 
contaminated (Equation 2).20

​Igeo = log2   ​[​  Cn _ 
1.5Bn

 ​]​, Equation 2Figure 1:	 Map showing selected sampling sites in KwaZulu-Natal, South 
Africa.

http://www.sajs.co.za

https://dx.doi.org/10.17159/sajs.2023/13160


Volume 119| Number 7/8
July/August 202361https://doi.org/10.17159/sajs.2023/13160

Research Article

Elemental and phytochemical composition of Cissus rotundifolia
Page 3 of 9

where Cn is the elemental concentration, Bn is the total baseline 
concentration, and 1.5 is used to reduce background value variations to 
the rock composition variations.

Health risk assessment
The estimated daily intake (EDI) of the toxic metals was measured in mg/
kg body weight per day21:

​EDI = [X ] x IR / Bw, Equation 3

where [X] is the concentration of the toxic metal (mg/kg, DW), IR is the 
ingestion rate of leafy vegetables per person estimated to be 0.062 kg per day, 
and Bw is the average human body weight in South Africa, usually 70 kg.22

The target hazard quotient (THQ) is the ratio of exposure to a toxic metal 
with its reference dose (Equation 4), and it estimates the non-carcinogenic 
risk caused by exposure to the toxic metal.23,24 For each toxic metal, a 
THQ<1 indicates low risk, and THQ≥1 shows high risk. RfD0 is the safe
oral reference dose of elements (mg/kg/day) calculated for adults. The RfD0 
values are as follows: As (0.0003), Cd (0.001), and Pb (0.004).

​THQ = EDI / RfDo Equation 4

Carcinogenic risk (CR) estimates the probability of developing cancer 
due to exposure to toxic metals over a lifetime (Equation 5).22,23

​CR = EDI x CPSo, Equation 5

where CPSo is the oral slope factor of the toxic metal (mg/kg/body 
weight/day). The CPSo values are as follows: As (1.5), Cd (6.3), and Pb 
(0.0085).24 For each toxic heavy metal, a CR > 1 × 10−4 indicates a high 
probability of carcinogenic risk.23

Statistical analysis
A comparative study and grouping of results were performed using a one-
way analysis of variance (ANOVA) and Tukey’s post-hoc test to determine 
and evaluate significant differences between means. Statistical analysis was 
performed using the Statistical Package for the Social Sciences (SPSS) 
(PASW version 24, IBM Corporation, Cornell, NY, USA).

Results and discussion
Phytochemical investigation
Two phytosterols (stigmasterol and β-sitosterol) and pheophytin a were
isolated from the leaves and the roots of C. rotundifolia. The compounds 
(Figure 2) were identified using spectroscopic data (NMR, GC-MS/

LC-MS, IR, and UV/Vis) and by comparison of the experimental data 
with values in the literature. Compound 1 (110 mg), a white crystalline 
powder from the DCM extract of the roots with molecular ion peak at m/z 
412 [M+] corresponding to C29H48O, was identified as stigmasterol.25 
Stigmasterol is commonly isolated from the genus Cissus.25-28 However, 
this is the first report on its isolation from C. rotundifolia. This compound 
is known for its antibacterial, antioxidant, anticancer, and cholesterol-
lowering properties, which may contribute to the healing properties of  
C. rotundifolia.29,30 A white powder (35 mg) (compound 2) with a 
molecular ion peak at m/z 414 corresponding to C29H50O was obtained 
from the root of C. rotundifolia. The 1H and 13C NMR spectral data 
confirmed the compound to be β-sitosterol, previously isolated from
C. rotundifolia and other plants in the genus, such as C. quadrangularis 
and C. sicyoides.25,26 β-sitosterol is known for its antibacterial activity,
which may also justify the use of C. rotundifolia in wound healing.31 
Compound 3, isolated as a dark green solid (120 mg) from the 
DCM extract of the leaves, with molecular ion peak at m/z 871 [M+] 
corresponding to C5H74N4O5, was identified as pheophytin a.32 This is the 
first isolation of pheophytin a from C. rotundifolia, but this compound 
was isolated from C. assamica and C. quadrangularis in the genus 
Cissus.33,34 Pheophytin a may contribute towards the antioxidant and 
anti-inflammatory properties of the crude extract of C. rotundifolia.32,34

Elemental composition
We evaluated the concentrations of 11 metals in C. rotundifolia (leaves 
and stems) and the corresponding soil samples collected from eight 
different sampling sites in KwaZulu-Natal (Figure 1). Except for sites 4 

Elements Wavelength (nm) DL (mg/kg) LOQ Plant CRM Measured
Soil CRM

Measured Acceptable

As 193.696 0.0100 0.0303 – – 88.4 120.7±14.42 72–105

Cd 228.802 0.0027 0.0082 – – 143 154.9±13.6 116–169

Co 228.616 0.007 0.0212 – – 199 229±52.3 166–233

Cr 267.716 0.0071 0.024 2.15±0.34 2.02±0.04 86.8 88.67±14.81 69.3–104

Cu 324.752 0.0054 0.0164 10 10.35±0.14 268 279±55.1 219–317

Fe 238.204 0.0062 0.0188 818±48 820.79±7.82 12 800 12 170±5388 5380–20 100

Mn 257.61 0.0016 0.0048 171±10 180.19±0.84 425 521±114.5 347–502

Ni 231.604 0.0480 0.1455 2.6± 0.7 2.72±0.06 236 255± 26.8 194–279

Pb 220.353 0.09 0.2727 1.8±0.4 1.78±0.10 97.9 137.52±30.6 80–116

Zn 213.857 0.0018 0.0055 24±5 25.26±0.48 130 143.9±38.1 106–115

Table 1:	 The detection limit (DL) of the instrument, limit of quantitation (LOQ), certified and measured values for the certified reference material (CRM – 
LGC7162 strawberry leaves and soil D081-540, n = 3), based on dry mass

Figure 2:	 Compounds isolated from Cissus rotundifolia.
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(Richards Bay) and 5 (Cato Ridge), higher concentrations of Mn were 
detected in the plant than in the soil (Table 2, BAF>1). This could mean
that the plant can take up the required concentrations from the soil to 
meet its metabolic needs. Alternatively, higher concentrations in aerial 
plant parts could be due to atmospheric deposition from contaminated 
sites. C. rotundifolia leaves from a mountain in Yemen had an average 
Mn concentration of 18.9 mg/kg, which is relatively low compared with 
that in our study (35.1—74.7 mg/kg).17 However, mountainous regions 
are considered pristine due to their distance away from anthropogenic 
sources, which could explain the disparity with our concentrations. 
A study of the impact of atmospheric deposition on particulate Mn 
distribution in northwestern Mediterranean surface water35 showed 
variations between atmospheric-depositional and settling fluxes based 
on atmospheric input from high/low productivity seasons. This was also 
related to more suspended particulate Mn and particulate residence 
times in standing crops.35 This study showed that higher concentrations 

in aerial plant parts could be due to atmospheric deposition, as seen in 
our study. Another study investigated Mn migration from soil to Scots 
pine (Pinus sylvestris L.) shoots and needles contamination by a steel 
plant’s emissions.36 Control and contaminated soil concentrations were 
comparable, but needles at contaminated sites had concentrations of 
Mn that were 2.5 times higher than those at control sites. This could 
indicate an increase in metal mobility at contaminated areas with a shift 
in migration pattern towards Mn accumulation in the aerial parts of the 
plant, as seen in our study.

For Zn, plant concentrations were higher than soil concentrations at all 
sites (Table 2). C. rotundifolia leaves from a mountain in Yemen17 had an 
average Zn concentration of 2.2 mg/kg, and fruits from Shada Mountain 
in southwest Saudi Arabia18 had an average Zn concentration of  
9.2 mg/kg – these concentrations are relatively low compared to those 
in our study (19.9—73.1 mg/kg). A study focusing on atmospheric 
deposition of Zn to forest vegetation in the Tennessee Valley showed 

Site
Concentration (mg/kg) Bioaccumulation factor

CR Leaves CR Stems Soil [CRL]/[soil] [CRS]/[soil]

Co

S1 0.22 (0.18) 0.21 (0.20) 0.1 (0.26) 2.4 2.4

S2 0.03 (0.30) 1.11 (1.67) 0.6 (0.20) 0.1 1.8

S3 0.07 (0.51) ND 0.6 (0.39) 0.1 ND

S4 ND 0.44 (0.25) 0.7 (0.35) ND 0.6

S5 ND 0.20 (0.05) 1.1 (0.41) ND 0.2

S6 0.48 (0.21) 0.41 (0.02) 0.6 (0.65) 0.8 0.7

S7 0.23 (0.02) 0.11 (0.02) 0.3 (0.19) 0.9 0.4

S8 0.01 (0.04) 0.10 (0.04) 0.5 (0.09) 0.0 0.2

Cr

S1 0.17 (1.05) 1.66 (0.96) 3.0 (0.6) 0.1 0.6

S2 0.82 (0.27) ND 4.0 (3.4) 0.2 ND

S3 1.01 (0.37) ND 6.6 (2.94) 0.2 ND

S4 ND ND 9.7 (0.50) 0.0 ND

S5 ND ND 9.0 (4.35) ND ND

S6 3.42 (0.88) 0.24 (0.36) 4.2 (1.75) 0.8 ND

S7 ND ND 2.3 (0.75) ND ND

S8 ND ND 6.2 (1.05) ND ND

Cu

S1 10.34 (1.49) 5.9 (0.70) 3.6 (0.33) 2.9 1.7

S2 5.93 (0.08) 4.66 (0.01) 1.8 (0.98) 3.4 2.6

S3 4.29 (0.29) 8.91 (0.07) 3.1 (0.92) 1.4 2.9

S4 4.8 (0.74) 9.2 (1.25) 13.6 (2.45) 0.4 0.7

S5 4.1 (0.92) 8.48 (0.45) 14.3 (0.04) 0.3 0.6

S6 5.52 (0.48) 5.13 (1.09) 1.6 (0.04) 3.4 3.2

S7 5.35 (0.17) 1.96 (0.26) 0.9 (0.31) 5.9 2.2

S8 5.15 (2.1) 3.91 (0.48) 1.8 (0.55) 2.8 2.1

Table 2:	 Concentration of microelements in Cissus rotundifolia (CR) leaves (L), stems (S), and soil from the eight sites (mean (SD), n=3), and
bioaccumulation factors 
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that atmospheric deposition during the growing season contributed to 
relatively high concentrations due to metal particles deposited on dry 
leaf surfaces.37 Another study showed physiological control of trace 
metal uptake with plant root affinity for Zn declining with increased Zn 
concentration in the soil solution.38 High Zn concentrations in our study, 
similar to Mn, could be due to atmospheric deposition or enhanced 
uptake mechanisms at the root zone to meet physiological needs.

Total soil Fe ranged from 1505 mg/kg to 5935 mg/kg with a range of 
99.8–1032 mg/kg in the leaves and 77.4—1565 mg/kg in the stems 
(Table 2). Site S5 (Shongweni), followed by S4 (Richards Bay), exhibited 
the highest soil Fe concentrations. The concentration of Fe in the plants 
from all sites was lower than the maximum permissible limit for Fe in 
plants (1000 mg/kg), which confirms the plant’s ability to limit uptake, 
especially at elevated soil concentrations.39 The Fe concentrations in this 
study were higher than those in the leaves from the plant obtained from a 

mountain in Yemen (177.3 mg/kg) and from fruits collected from Shada 
Mountain in Saudi Arabia (44.7 mg/kg).17,18

Higher levels of Cu were detected in the plant than in the soil, except at 
the environmentally polluted sites (S4 – Shongweni and S5 – Cato Ridge). 
Cu concentrations in the leaves and stems were mainly below the WHO 
permissible limit of 10 mg/kg for plants.40 Cu concentrations obtained in this 
study (average of 5.1 mg/kg) were comparable to those reported in fruits 
(3.3 mg/kg), but relatively lower than those reported in leaves (11.6 mg/
kg).17,18 The low soil concentrations at most sites indicate Cu deficiencies, 
and the high BAFs provide evidence of the plants physiological control 
according to metabolic requirements, with plant root affinity for Cu rising 
when low soil Cu provides insufficient supply of the metal.

Generally, low concentrations of Co and Cr were detected in plant and 
soil samples from all sites with BAFs<1, indicating that the uptake of

Site
Concentration (mg/kg) Bioaccumulation factor

CR Leaves CR Stems Soil [CRL]/[soil] [CRS]/[soil]

Fe

S1 421.5 (86.6) 1565 (431) 1560 (197.9) 0.3 1.0

S2 309.5 (17.7) 119.5 (17.7) 2595 (1619) 0.1 0.0

S3 635.5 (177) 227.5 (13.4) 3320 (876.5) 0.2 0.1

S4 379 (52.4) 118.32 (60.4) 3990 (2022) 0.1 0.0

S5 253.5 (33.2) 124.1 (39.5) 5935 (3288) 0.0 0.0

S6 1032 (53.8) 358.5 (0.71) 2410 (1018) 0.4 0.1

S7 99.8 (10.2) 116.9 (48.2) 1505 (304) 0.1 0.1

S8 178.5 (14.9) 77.35 (13.9) 2855 (261.7) 0.1 0.0

Mn

S1 74.68 (0.61) 48.97 (2.94) 36 (19.1) 2.1 1.4

S2 51.32 (3.85) 61.43 (0.52) 33 (0.12) 1.5 1.8

S3 49.59 (4.22) 85.95 (8.6) 41 (10.7) 1.2 2.1

S4 35.1 (3.8) 39.55 (10.1) 65 (2.02) 0.5 0.6

S5 48.18 (13.7) 37.97 (2.6) 71 (15.4) 0.7 0.5

S6 65.12 (3.92) 102.4 (6.4) 41 (1.84) 1.6 2.5

S7 44.56 (3.35) 22.24 (3.67) 23 (2.18) 1.9 1.0

S8 36.155 (18.8) 43.11 (4.56) 38 (0.52) 1.0 1.1

Zn

S1 73.81 (0.26) 35.44 (1.22) 32 (10.9) 2.3 1.1

S2 32.5 (17.8) 42.17 (3.35) 11 (2.56) 2.9 3.8

S3 39.23 (8.15) 37.53 (2.2) 23 (3.7) 1.7 1.6

S4 23.64 (5.75) 38.22 (14.9) 25 (4.1) 1.0 1.5

S5 28.96 (10.7) 52.48 (1.09) 29 (0.93) 1.0 1.8

S6 19.87 (0.19) 31.12 (1.98) 17 (6.5) 1.2 1.8

S7 34.12 (21.2) 23.79 (4.73) 11 (0.39) 3.2 2.2

S8 32.12 (15.6) 23.57 (2.95) 21.1 (1.75) 1.6 1.1

S1, Margate; S2, Ballito; S3, Richards Bay; S4, Shongweni; S5, Cato Ridge; S6, St Lucia; S7, Amanzimtoti; S8, Umgababa
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these elements was restricted. If detected, Cr in plants ranged from 
0.17 mg/kg (S1 – Margate) to 3.42 mg/kg (S6 – St Lucia) and 2.3–
9.7 mg/kg in soil. Cr mainly exists in the innocuous trivalent form and 
noxious hexavalent form. An intake of 2– 5 g of Cr(VI) may be fatal. 
Total Cr in plant leaves at S6 (St Lucia) is within this range; therefore, 
consumers from this region should exercise caution as the hexavalent 
form is mobile and bioavailable under oxidising conditions and may 
contribute significantly to total concentration.41 In this study, the average 
concentrations of the micronutrients in the plant were in decreasing 
order of Fe>Mn>Se>Zn>Cu>Cr>Ni>Co.

Arsenic concentrations in the soil ranged from 0.87 mg/kg (Cato Ridge) 
to 2.87 mg/kg (Umgababa), which exceeded the WHO maximum 
permissible limit of 0.5 mg/kg for As in agricultural soils.42 The plant did 
not tend to accumulate As with BAFs<1 at most sites (Table 3). Arsenic
in the plant leaves ranged from 0.44 mg/kg to 2.17 mg/kg, which is 
higher than the WHO/FAO maximum permissible limit of 0.1 mg/kg 
for plants grown on industrial soils.43 A study reported the average As 
concentration in consumed vegetables to be 0.27 mg/kg for an industrial 
site and 0.05 mg/kg for a non-industrial site.44 In our study, the average 
As in plant leaves was 1.18 mg/kg, which is higher than those previously 
reported. For Cd, the plant exhibited concentrations ranging from  
0.57 mg/kg to 0.71 mg/kg in the leaves, which surpasses the maximum 

permissible limit of 0.2 mg/g for Cd in vegetables.45 The concentration of 
Cd in the plant at all sites was comparable to that in soil (BAF almost 1), 
highlighting the plant’s potential as an indicator for Cd pollution (Table 3).

Pb was generally higher in the soil than in the plant, with concentrations 
in the soil at S5 (Cato Ridge, 8.43 mg/kg) being extremely high 
relative to those at the other sites (Table 3). However, this did not 
influence the Pb concentration in the plant, which again indicates the 
plant’s ability to protect itself by excluding toxic metals. The high soil 
concentrations at Cato Ridge could be due to vehicular emissions 
from a truck stop and railway line close to the sample collection point. 
The concentrations of Pb in the leaves from S1 (Margate) and S2 
(Ballito) were 1.16 mg/kg and 1.06 mg/kg, respectively. According to 
the South African Department of Health, these values are above the 
maximum permissible limit of Pb of 0.3 mg/kg in leafy vegetables.46 
The data obtained for the toxic elements (As, Cd and Pb) suggest that 
C. rotundifolia samples collected from sites near roads and pollution 
sources are not suitable for human consumption. Although the plant 
limited uptake of these toxic metals, the concentrations obtained at 
some sites exceeded the maximum permissible limits imposed by 
authorities for safety for human consumption. The communities in 
these areas should exercise caution when consuming this plant to 
avoid toxic health effects.

Site
[Leaves]

(mg/kg)
EDI THQ CR

[Soil]

(mg/kg)

BAF

[Leaves]/[Soil]

As

S1 1.75 (0.39) 0.002 5.152 2.32E-03 1.88 (0.14) 0.9

S2 1.01 (0.66) 0.001 2.977 1.34E-03 2.67 (0.03) 0.4

S3 2.17 (0.07) 0.002 6.407 2.88E-03 1.605 (1.055) 1.4

S4 0.52 (0.82) 0.000 1.541 6.94E-04 1.87 (1.15) 0.3

S5 0.44 (0.125) 0.000 1.303 5.86E-04 0.87 (1.13) 0.5

S6 1.88 (0.925) 0.002 5.536 2.49E-03 2.835 (0.475) 0.7

S8 0.52 (0.635) 0.000 1.527 6.87E-04 2.865 (1.15) 0.2

Cd

S1 0.64 (0.09) 0.001 0.562 3.54E-03 0.555 (0.065) 1.1

S2 0.63 (0.08) 0.001 0.554 3.49E-03 0.66 (0.04) 0.9

S3 0.68 (0.1) 0.001 0.602 3.79E-03 0.54 (0.03) 1.3

S4 0.68 (0.65) 0.001 0.598 3.77E-03 0.73 (0.05) 0.9

S5 0.64 (0.155) 0.001 0.567 3.57E-03 0.645 (0.035) 1.0

S6 0.63 (0.125) 0.001 0.558 3.52E-03 0.64 (0.63) 1.0

S7 0.65 (0.02) 0.001 0.571 3.60E-03 0.63 (0.085) 1.0

S8 0.75 (0.005) 0.001 0.660 4.16E-03 0.575 (0.06) 1.3

Pb

S1 1.16 (0.015) 0.001 0.257 8.73E-06 0.975 (0.37) 1.2

S2 1.06 (0.99) 0.001 0.235 7.99E-06 0.34 (0.735) 3.1

S5 0.1 (0.002) 0.000 0.021 7.21E-07 8.415 (2.005) 0.0

S6 0.23 (0.085) 0.000 0.051 1.72E-06 0.96 (0.51) 0.2

S7 0.01 (0.145) 0.000 0.002 5.38E-08 0.61 (0.055) 0.0

S1, Margate; S2, Ballito; S3, Richards Bay; S4, Shongweni; S5, Cato Ridge; S6, St Lucia; S7, Amanzimtoti; S8, Umgababa

Table 3:	 Concentrations of toxic elements (As, Cd and Pb) in Cissus rotundifolia leaves and surrounding soil from each site (mean (SD), n=3), estimated
daily intake (EDI), target hazard quotient (THQ), carcinogenic risk (CR) and bioaccumulation factor (BAF)
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The Igeo values obtained for the soil collected from the eight sites indicate 
that the soil was not contaminated with heavy metals. However, the health 
risk assessment showed possible non-carcinogenic or carcinogenic 
risks due to exposure to As and Cd. The THQs for the leaves were in the 
order of As˃Cd˃Pb and ranged from 1.30 to 6.41 for As, 0.55 to 0.66 
for Cd, and 0.002 to 0.257 for Pb (Table 3). A THQ>1 for arsenic at all
sites suggests possible non-carcinogenic risk to human health due to As 
exposure. The carcinogenic risk for As and Cd through consumption of 
the leaves was 1.57 × 10−3 and 3.68 × 10−3, respectively. These values 
exceed the safe limit for cancer risk (1 × 10−4) recommended by the
USEPA21, signifying the possibility of developing cancer over a lifetime if 
the plant is consumed frequently23. To the best of our knowledge, this is 
the first study to report on the metal toxicity of C. rotundifolia.

Contribution of C. rotundifolia to the human diet
The elemental concentrations of the leaves and stems were compared 
to the dietary reference intakes (DRIs) for most individuals to estimate 
the contribution of the consumption of 10 g of C. rotundifolia leaves and 
stems (based on the dry mass) to the diet (Table 4). For the elements to 
be considered good contributors to the diet, their concentrations should 
not exceed the tolerable upper intake levels (ULs).33 Consumption 
of 10 g of leaves and stems would contribute 25.5% and 40.7% 
towards the RDA for Fe, respectively. Fe is an essential metal found in 
haemoglobin, and its deficiency in humans can lead to ailments such 
as anaemia, cancer, and heart disease.47 Local people consuming this 
plant (especially those diagnosed with anaemia) can supplement their 
Fe intake, similar to consuming fruits and vegetables such as apricots, 
olives, and beetroot.48

The plant contributes >669% towards the RDA for Se, and the level in
the leaves exceeded the UL. However, the concentrations of Se in the 
stems (0.37 mg/10 g) and leaves (0.69 mg/10 g) were similar to that 
of Brazil nuts (0.36 mg/10 g)49, which are known to be a rich source 
of Se49. Se has antioxidant properties and has been reported to lower 
the risk of certain cancers, such as breast, lung, colon, and prostate 
cancers.50 However, too much Se can have detrimental health effects 
and cause depression.50 The other essential elements studied contribute 
adequately to their RDAs and may supplement the diet.

Conclusion
The analysis of C. rotundifolia revealed that the plant is rich in phytosterols 
and essential nutrients. The plant–soil system showed control by the plant 
to meet physiological needs. Bioaccumulation factors for Cd indicated 
the plant’s potential as an indicator and biological monitor for Cd toxicity. 
Carcinogenic and non-carcinogenic risk assessments for As, Cd and 
Pb in the plant signified the possibility of developing cancer over time if 
consumed from exposed sites. From this study, it can be concluded that 
C. rotundifolia from non-polluted sites or sites away from roads, landfills, 
and other pollution sources is safe for human consumption. The findings 
from this study show the synergies when consuming medicinal plants and 

provide evidence for C. rotundifolia as a nutraceutical. Its consumption for 
therapeutic benefit would not pose metal toxicity risks, and for nutritional 
value would give the added advantage of ingesting antioxidants.
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Marine sponges belonging to the genus Neopetrosia represent a quasi-inexhaustible source of novel 
cytotoxic compounds. Yet studies delineating their molecular mechanisms of action in cancer cells remain 
scarce. We investigated the cytotoxic and apoptosis inducing potential of the Mauritian marine sponge 
Neopetrosia exigua derived crude extract, hexane and ethyl acetate fraction. Their cytotoxic activity was 
screened against four cancer cell lines and two non-malignant cell lines via the Alamar Blue metabolic 
assay. The level of intracellular reactive oxygen species (ROS) production, endogenous antioxidant enzyme 
activity (catalase  and superoxide dismutase) and mitochondrial membrane potential were determined. 
The ability of the active extract to induce apoptosis in cancer cells and modulate the expression levels 
of apoptotic markers (caspases and polyADP-ribose polymerase (PARP)) was  further evaluated via 
western blot. The ethyl acetate fraction (NEEAF) displayed the highest inhibitory effect with an IC50 of 
6.87 μg/mL against the liver hepatocellular carcinoma cell line (HepG2). Mechanistically, NEEAF induced
morphological hallmarks characteristic of apoptosis, increased ROS production, decreased catalase and 
superoxide dismutase activity and mitochondrial membrane depolarisation in a concentration-dependent 
manner compared to the control (p<0.05). In addition, NEEAF induced the activation of caspase-9, -7,
-3 and cleavage of PARP. Overall, this study provides biochemical evidence for oxidative stress-mediated 
cytotoxicity and apoptosis in HepG2 cells by NEEAF. Further in-depth investigations are needed to isolate 
the active constituents, which may potentially lead to the development of novel anticancer therapeutics.

Significance:
• Marine sponges represent an untapped goldmine of structurally unique compounds with interesting

anticancer properties.

• This important initial investigative work will set the stage for more in-depth mechanistic studies and
chemical characterisation of potentially novel bioactive compounds from the genus Neopetrosia.

• This work will also help to strengthen frameworks oriented towards the conservation of Neopetrosia
species in the Western Indian Ocean region.

Introduction
Marine sponges represent promising bio-factories of structurally unique pharmacological compounds, many of 
which have been used as templates for the development of novel anticancer drugs.1 An important feature of some 
sponge-derived compounds is their ability to induce apoptosis in cancer cells as their modus operandi.2 Apoptosis 
is a physiological defence mechanism that involves the removal of unwanted, old, or injured cells, including cancer 
cells.3 Over the last two decades, several crude extracts and marine natural products exhibiting anticancer activity 
through apoptosis have been isolated from marine sponges.4-7 The latest marine-derived drug is Halaven® (eribulin 
mesylate), an analogue of the sponge metabolite halichondrin B derived from the sponge Halichondria sp. This 
drug was approved in 2010 for the treatment of advanced metastatic cancer. Growing evidence indicates that 
this drug targets signalling intermediates in apoptosis-inducing pathways, which appears to be associated with 
its effectiveness in modulating the process of carcinogenesis. In addition, more apoptosis-inducing compounds 
derived from sponge extracts such as hemiasterlins and spongistatins are currently at different stages of clinical 
trials.2 Hence, the discovery of active extracts and/or novel compounds that target different cellular signaling 
cascades in apoptosis is paramount, especially if the process is selective to cancer cells.

Marine sponges belonging to the genus Neopetrosia have recently received increasing attention in natural 
product chemistry due to their novel bioactive metabolites with remarkable cytotoxic activities, namely 
neopetrocyclamines8, neopetrosiquinones9, araguspongines10, and renieramycins11. However, to date, reports 
on their underlying molecular mechanisms of action remain unexplored. The genus Neopetrosia is still yielding 
bioactive extracts/compounds with promising bioactivities12,13, and this was the impetus for the investigation 
of a member of this genus. Ecological and seasonal changes affect several abiotic factors such as salinity, pH, 
and temperature, as well as biotic factors including epifaunal diversity, all of which are actively involved in the 
biosynthesis of this sponge’s natural products.14 Thus, there is a high need to investigate the pharmacological 
activities of Neopetrosia species from different parts of the ocean, especially as local conditions could be an 
important factor in their bioactivity.

The Republic of Mauritius is a maritime country with a substantial potential for utilising marine organisms that 
are not yet fully utilised as sources of bioactive substances. In recognition of its unique marine environment with 
a vast pool of untapped marine biological resources, the vision of the Mauritian government is to enhance the 
island’s great potential as an ocean state. In particular, the exclusive economic zone of Mauritius harbours a diverse 
assemblage of Neopetrosia species and thus offers a fruitful opportunity for the discovery of new bioactive agents. 
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However, their population density has significantly declined over the last 
few years (Bhagooli R 2019, oral communication, January 14personal 
communication, 2019). As part of our screening programme to search 
for bioactive sponge extracts that can spawn avenues in the discovery 
of new anticancer leads, herein we report on the in vitro cytotoxic and 
apoptototic activity of the crude extract and fractions (hexane, ethyl 
acetate and aqueous fractions) from the Mauritian sponge Neopetrosia 
exigua. This preliminary screening will subsequently set the stage for more 
in-depth mechanistic studies and chemical characterisation of active 
compounds. Furthermore, it will also strengthen frameworks oriented 
towards the conservation of Neopetrosia species in Mauritian waters. 
This goal to promote marine bio-discovery research and sustainable use 
of the ocean resources in Mauritius through aquaculture is in line with 
Sustainable Development Goal 14.15

Materials and methods
Animal material
The marine sponge Neopetrosia exigua (Figure 1) was collected 
whilst  snorkelling off the Amber Island, Republic of Mauritius. The 
sponge was transferred to the lab under seawater, cleaned of debris 
and frozen at −80  °C until use. The sponge species was identified at
the University of Mauritius and the taxonomy was confirmed using the 
World Porifera Database.16

Extract preparation
The sponge tissue was freeze dried, ground into powder (250 g) and 
extracted exhaustively with dichloromethane and methanol  (1:1) for 
48 h. The filtrate was flash evaporated under vacuum (LABORATA 4003, 

Figure 1:	 Marine sponge Neopetrosia exigua collected from Mauritian waters.
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Heidolph, Germany) to yield the crude extract (NECE), which was further 
partitioned to obtain the n-hexane (NEHF) and ethyl  acetate (NEEAF) 
fractions.

Cell culture
The cancer and non-malignant cell lines were purchased from the 
American Type Culture Collection (USA). The cancer cell lines HepG2 
(hepatocellular carcinoma), HeLa (cervical adenocarcinoma), and 
HCT116 (colorectal carcinoma), and the non-malignant cell lines 
RPE-1 (retinal epithelium) and MRC-5 (lung fibroblast) were grown in 
Dulbecco’s Modified Eagle Medium (DMEM) while OE33 (oesophageal 
adenocarcinoma) was cultured in RPMI-1640. The media  were 
supplemented with 10% foetal bovine serum, 2 mM l-glutamine and 1% 
Penstrep. Cells were maintained at 37 °C in an atmosphere of 5% CO2 
and 95% humidity. All the reagents used for cell culture were purchased 
from Gibco Life Technologies, UK.

Cytotoxic assay
The cells were seeded at a cell density of 1 × 104 cells/well in a 96-well 
plate. After 24  h, cells were treated with the marine sponge crude 
extract and fractions at different concentrations (0.78, 1.56, 3.13, 
6.25, 12.5, 25, 50 µg/mL). The negative control received the vehicle 
dimethylsulfoxide (DMSO, 0.05%). Cytotoxicity was assayed at 24 h 
after extract treatment. A volume of 10 μL of alamarBlue dye (Thermo
Fisher Scientific, USA) was added to each well, following which the 
plates were incubated at 37 °C for 4 h. The absorbance was measured 
at 570 nm and 600 nm in a multiplate reader (Biotek Synergy HT, 
USA). Etoposide (25–0.156 µg/mL) was used as a positive control. 
The cytotoxicity was expressed as IC50, and presented as mean±SD
from three independent experiments. The selectivity index (SI) was 
obtained by dividing the IC50 value for the non-malignant cell lines by 
the value of the IC50 for cancer cell lines. The SI value indicates  the 
specificity of the sponge extracts for cancer cells. An SI value greater 
than 2 indicates that an extract/compound is more toxic to cancer cells 
than to normal cells.17

Morphological determination of apoptosis by Hoechst 
33342 staining
The Hoechst 33342 dye (2′-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-
2,5′-bi-1H-benzimidazole trihydrochloride trihydrate) (Sigma Chemicals, UK)
was used to analyse morphological signs of apoptosis in HepG2 cells treated 
with the sponge extract. The cells were seeded at 3 × 104/well in a 24-well
plate and exposed to the sponge extract at different concentrations for 24 h. 
The cells were washed with 1X PBS (phosphate-buffered saline) thrice and 
fixed with 4% paraformaldehyde for 30 min before staining with Hoechst (1 
μg/mL) for 15 min in the dark. The cellular apoptotic features were analysed
under an inverted fluorescence microscope (EVOS fluorescence microscope, 
Life Technologies).

Measurement of intracellular reactive oxygen species 
production
The potential influence of reactive oxygen species (ROS) on the 
apoptosis induction in the treated cells was further examined. HepG2 
cells were seeded at 1×104 cells/well in a dark 96-well plate and
subsequently treated with the sponge extract (0.78–50 μg/mL) for
24  h. After incubation, the treated and untreated cells (control) were 
washed with 1X PBS and incubated with 100 μL of 25 μM dichloro-
dihydro-fluorescein diacetate (DCFH-DA) (Sigma Chemicals, UK) for 
45 min at 37 °C in the dark. Fluorescence was measured at excitation 
and emission wavelengths of 485 nm and 520 nm, respectively. Results 
were expressed as a percentage of the control.

Measurement of endogenous antioxidant enzyme 
activities
HepG2 cells were seeded at a density of 2×105 cells/well in a six-well
plate and then incubated with the sponge extract (0.78–50 µg/mL). 
After 24 h, the cells were washed with 1X PBS, mixed with Complete™ 
lysis–M buffer reagent (Roche Diagnostics GmbH, Mannheim, Germany) 

and centrifuged at 10 000 g for 10 min at 4 °C. The protein content of 
the lysate supernatant was obtained by the Bradford test. The effect of 
the extract on superoxide dismutase and catalase antioxidant enzyme 
activity was assessed using commercial kits (BioVision Inc. Mountain 
View, CA, USA).18

Measurement of mitochondrial membrane potential
Changes in the mitochondrial membrane potential (ΔΨm) were detected
using the JC-1 dye (JC-1-5, 5′, 6, 6′-tetrachloro-1, 1′, 3, 3′ tetra
ethylbenzimidazolcarbocyanine iodide) (Thermo Fisher Scientific, USA). 
HepG2 cells were seeded at 1×104 cells/well in a 96-well dark plate and
treated with the sponge extract (0.78–50 μg/mL) for 24 h. After incubation,
the cells were stained with 2 μM JC-1 at 37 °C for 45 min. Untreated cells 
and etoposide were used as negative and positive controls, respectively. 
Fluorescence intensity was monitored at 485  nm (excitation)/528  nm 
(emission) and 540 nm (excitation)/590 nm (emission). Changes in the 
ratio between the measurements compared to the control are indicative 
of changes in mitochondrial membrane potential.

Western blot
HepG2 cells were seeded into a six-well plate at 2×105 cells/well and
treated with the sponge extract at 12.5 and 50 μg/mL for 24 h. The cells
were lysed in Complete™ lysis–M buffer reagent (Roche Diagnostics 
GmbH, Mannheim, Germany), centrifuged at 10 000 × g for 10 min
at 4 °C and the protein concentration of the lysates was determined 
using the Bradford test. The lysates were heated for 5 min at 100 °C. A 
total of 5 μg of protein extract was subjected to 5% stacking and 12%
resolving sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE), then transferred onto a polyvinylidenedifluoride (PVDF) 
membrane, blocked with 100% methanol for 30 s, incubated with the 
primary antibodies (1:1000) for 24  h at 4  °C, and finally incubated 
with HRP markers-conjugated secondary goat-anti-rabbit antibodies 
(1:10000 dilution) in the dark at room temperature for 2 h. The blots 
were analysed for band densities using Image Lab software (Bio-Rad 
Laboratories, Inc). The relative  protein expression  was normalised to 
α-tubulin. The primary antibodies were rabbit polyclonal antibodies of
caspase-9, caspase-7, caspase-3, PARP and α-tubulin (Cell Signaling
Technology, USA). The relative  protein expression  was normalised to 
α-tubulin. The results were expressed as mean±SD.

Data analysis
Data were expressed as mean±SD (n=3) from three independent
assays. Statistical analysis was performed using Prism, version 5.01, 
from GraphPad Software (USA). The results were analysed using a one-
way analysis of variance followed by a least significant difference test; 
p<0.05 was considered to be statistically significant.

Results and discussion
The crude extract and fractions of the marine sponge N. exigua 
displayed dose-dependent cytotoxic effects in all of the tested cancer 
cell lines (Figure 2). The ethyl acetate (NEEAF) and hexane (NEHF) 
fractions recorded the highest growth inhibitory activity against HepG2 
cells with IC50 values of 6.87±0.78 ug/mL and 8.17±0.99 ug/mL,
respectively (Table 1). Interestingly, NEEAF was 4.54- and 4.92-fold 
less toxic with respect to the immortalised normal RPE-1 and MRC-5 
cell lines, respectively. This indicates  that NEEAF has the potential to 
be further developed into a less toxic therapeutic candidate against liver 
cancer. The cytotoxic effects elicited by NEEAF may be ascribed to the 
previously characterised bioactive constituents isolated from N. exigua, 
such as araguspongines10, 5α, 8α-epidioxy sterols10, exiguamine A19,
demethylxestopongin B20 and papuamine8.

We further investigated the mechanistic pathways underlying the cytotoxic 
activity of NEEAF in HepG2 cells. Morphological changes characteristic 
of apoptosis, such as membrane blebbing and formation of apoptotic 
bodies (only fluorescent microscopic images corresponding to 12.5 and 
50 μg/mL  are shown in Figure 3), were observed in Hoescht 33342
stained HepG2 cells treated with NEEAF while the control cells appeared 
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normal with round and homogeneous nuclei. The implications of ROS in 
various physiological and pathological processes, including apoptosis, 
have been reported extensively.21-23 There is compelling evidence 
indicating that when ROS generation overcomes cellular antioxidant 
defence mechanisms, it triggers apoptosis in cancer cells.24-26 In this 

view, the level of ROS production was measured to probe its involvement 
in NEEAF-induced apoptosis. In general, a concentration-dependent ROS 
production from 122.00±7.41% to 298.26±58.30% was observed in
HepG2 cells relative to control when treated with 0.78–50 μg/mL NEEAF 
(p<0.05) (Figure 4a).

Figure 2:	 Dose-dependent cytotoxic activity of NECE, NEHF and NEEAF. The results are expressed as the percentage of the negative control 
(untreated cells). Cytotoxic activity of the extracts was compared to the reference drug, etoposide. Data are mean±SD (n=3) in three
independent experiments.
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ROS-mediated cytotoxicity may also be achieved by using agents 
that can inhibit the cellular antioxidant defence mechanisms;  the use 
of an extract or compound that promotes a rise in intracellular ROS 
generation, in conjunction with antioxidant system inhibitors, might be 
a promising strategy towards developing more successful anticancer 
therapeutics.27 Along this line, we determined the activities of antioxidant 
enzymes, primarily SOD and CAT, biomarkers of oxidative stress.28 Upon 
treatment with 0.78–50 μg/mL NEEAF, SOD activity decreased from
30.37±4.58 to 9.76±3.95 U/mg of protein, which was about three-fold
lower than that of the untreated cells (Figure 4b). Unlike SOD, NEEAF 
induced significantly higher CAT activity (1.20 ± 0.16 U/mg of protein),
particularly at 1.56 µg/mL compared to control (0.85 ± 0.15 U/mg of

protein) (p<0.05). However, treated cells lost the ability to maintain ROS/
antioxidant balance, and a decrease in antioxidant activity was observed 
from 3.13 to 50 µg/mL of NEEAF (Figure 4c). Therefore, oxidative stress 
via an increase in ROS production might be a plausible factor leading to 
NEEAF-induced apoptosis in HepG2 cells. This was further supported 
by the collapse of the mitochondrial membrane potential (ΔΨm) which
is considered to be another key event in the ROS-mediated apoptotic 
pathway.22 Initiation of the apoptotic pathway is often stimulated by an 
increase in the permeability of the mitochondrial membrane, and release 
of cytochrome c which leads to the activation of the caspase cascades.3 
NEEAF depolarised the mitochondrial membranee potential as shown 
by a significant dose-dependent decline in the JC-1 aggregates/JC-1 

Cytotoxic activity (IC50 µg/mL)

Cancer cell lines Normal cell lines

OE33 HepG2 HeLa HCT116 MRC-5 RPE-1

NECE
34.47±5.19a***

(1.32)/1.18

13.96±1.73a**

(3.27)/2.92

16.64±5.25a**

(2.74)/2.45

12.53±1.43b**

(2.28)/2.96
45.67±10.45a*** 40.79±3.97a***

NEHF
31.67±5.33a***

(0.36)/0.38

8.17±0.99b*

(1.39)/1.48

12.69±2.62b**

(0.89)/0.96

35.74±6.70a***

(0.32)/0.34
11.33±3.12b 12.13±2.09c

NEEAF
18.43±3.71b**

(1.84)/1.69

6.87±0.78c*

(4.92)/4.54

12.29±3.31b**

(2.76)/2.54

34.61±8.56a***

(0.98)/0.81
33.83±7.41b*** 31.22±4.61b***

Etoposide
6.74±0.66

(1.82)/2.40

4.49±0.72

(2.73)/3.60

5.47±0.66

(2.28)/2.96

4.93±0.35

(2.48)/3.49
12.24±2.77 16.17±3.93

NECE, crude extract; NEHF, hexane fraction; NEEAF, ethyl acetate fraction.

Data represent mean IC 50  values ± SD of triplicate in three independent experiments. One-way ANOVA at 5% significance level; different superscripts on the mean values column 
wise represent significant differences among the sponge crude extract and fractions (p<0.05). Asterisks (*) represent significant differences between the extracts and etoposide 
(positive control), *p≤0.05, **p≤0.01, ***p≤0.001. In bracket (): selectivity index (SI) determined as a ratio of the IC 50 of the immortalised MRC-5 cell line to the IC 50 of cancer cell 
lines. In bold black: selectivity index determined as a ratio of the IC 50 of the immortalised RPE-1 cell line to the IC 50 of cancer cell lines.

Table 1:	 IC50 value of Neopetrosia exigua derived crude extract and fractions against selected human cancer and normal cell lines and their selectivity  
index (SI)

Figure 3:	 Representative fluorescence images of HepG2 cells treated with NEEAF. HepG2 cells were treated with 
0.05% DMSO (A), 12.5 μg/mL etoposide (B), 12.5 μg/mL NEEAF (C) and 50 μg/mL NEEAF (D) for 24 h.
White arrow: normal nuclei; orange arrow: nuclear condensation;  blue arrow: nuclear fragmentation; 
yellow arrow: apoptotic bodies.
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monomers ratio from 0.78 ug/mL to 50 ug/mL compared to the control 
(p<0.05) (Figure 4d). This result is in accordance with the increased
ROS production triggered by NEEAF and suggests its potent induction of 
the mitochondrial pathway leading to apoptosis.

The caspase family proteases play a vital role in the mechanism of 
apoptosis.29,30 In particular, the executor caspase-3  is a key regulator 
of apoptosis, which is activated by the initiator caspase-9, during the 
mitochondrial pathway of apoptosis. Caspase-3 and -7 also participate in 

the proteolytic cleavage of PARP, which usually leads to cellular disassembly 
and serves as a key marker of apoptosis.31 As shown in Figure 5a and 5b, 
treatment with NEEAF at 12.5 and 50 ug/mL downregulated pro-caspase-9, 
pro-caspase-7, pro-caspase-3 and PARP  protein levels in HepG2 cells 
in a dose-dependent manner (p<0.05). Similarly, it also up-regulated
the expression level of cleaved caspase-9 (1.8–2.8 folds), 7 (9.9–18.5 
folds) and 3 (8.2–9.8 folds) as well as PARP (15.7–19.3 folds) at 25 
μg/mL and 50 μg/mL  relative to their respective control (p<0.05). While
several compounds with interesting apoptotic activity have been previously 

a b

c d

Figure 4:	 Induction of intracellular ROS production, endogenous antioxidant activities and change in mitochondrial membrane potential by NEEAF. (a) 
NEEAF induced a dose-dependent increase in intracellular ROS production. HepG2 cells were treated with NEEAF (0.78–50 μg/mL) for 24 h and
fluorescence was detected using 25 μM DCFH-DA dye. (b and c) Superoxide dismutase (SOD) and catalase (CAT) antioxidant enzyme activities
decreased in HepG2 cells after treatment with NEEAF (0.78–50 μg/mL) for 24  h. (d) NEEAF induced a decline in mitochondrial membrane
potential (indicated by fluorescence intensity of JC-1) of HepG2 cells after incubation with NEEAF (0.78–50 μg/mL) measured for 24 h. Data
are presented as mean±SD (n=3) in three independent experiments and normalised to cell number/total protein content. *p<0.05, **p<0.01, 

***p<0.001 vs. control

a b

Figure 5:	 Effect of NEEAF on the expression levels of pro-apoptotic proteins as revealed by western blot analysis. (a) Densitometric-intensity data showing 
fold changes of caspase-9, caspase-7 and caspase-3 and PARP induced by NEEAF (12.5 µg/mL and 50 µg/mL) in HepG2 cells relative to 
their respective controls. (b) Representative blots showing fold changes of caspase-9, caspase-7 and caspase-3 and PARP induced by NEEAF 
(12.5 µg/mL and 50 µg/mL) in HepG2 cells relative to their respective controls. Data are presented as mean±SD (n=3) in three independent
experiments. *p<0.05, **p<0.01, ***p<0.001 vs. control.
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identified from marine sponges, so far, studies focusing on the mechanisms 
of cytotoxic agents derived from Neopetrosia species are limited. In 2001, 
Fujiwara and team reported the isolation of the polyketide halenaquinone 
from the Okinawan sea sponge Neopetrosia sp. which subsequently induced 
apoptosis in PC-12 cells by inhibiting the activity of phosphatidylinositol 
3-kinase.32 Renieramycin J, a new tetrahydroisoquinoline alkaloid, isolated 
from the Japanese Neopetrosia sp., induced changes in the morphology of 
rat 3Y1 cells which were characteristic of RNA/protein synthesis inhibitors.11 
Its analogue renieramycin M, isolated from Xestospongia sp., was later 
shown to induce apoptotic activity in non-small cell lung cancer cells via the 
p53-dependent pathway.33 In light of these findings, we can thus postulate 
that NEEAF may yield compounds with interesting apoptotic activity.

Conclusion
Overall, this study provides  a new understanding into the mode of 
action underlying the cytotoxicity of the constituents present in the 
Mauritian sponge N. exigua extract. Its promising inhibitory effect 
against HepG2 cells was mainly due to apoptosis induction via the ROS-
mediated mitochondrial pathway. Nevertheless, further investigations 
are necessary to explore the mechanistic pathways by which NEEAF 
modulate the expression of other pro/anti-apoptotic proteins in order 
to probe its bioefficacy as anticancer therapeutics. This will provide 
a broad insight into its various molecular targets in the process of 
carcinogenesis. These data also warrant further in-depth investigations 
into the chemical characterisation of bioactive compounds in NEEAF to 
unravel their potential pharmacological applications.
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Schistosomiasis is a neglected tropical disease. Sub-Saharan Africa accounts for 93% of the world’s 207 
million schistosomiasis cases. Urogenital schistosomiasis and malaria are both public health problems 
in Nigeria, where they are endemic. We determined the co-prevalence of urogenital schistosomiasis 
and malaria in schoolchildren and assessed its implication on anaemia and malnutrition. This cross-
sectional study was conducted amongst primary schoolchildren in the Warwade, Saya Saya and Jigawar 
Daha villages of Nigeria. Urine samples were collected to detect Schistosoma haematobium eggs, and 
finger prick blood was used for haemoglobin concentration and malaria diagnosis. Nutritional status was 
assessed using anthropometric measurements and a pre-tested questionnaire. The overall prevalence 
and density of S. haematobium were 27.7% and 9 eggs/10 mL, respectively, with significant differences 
between villages and sexes. The prevalence of malaria and infection density was 10.4% and 330 mps/μL,
respectively. Co-infection prevalence was 3.3%. Anaemia prevalence was 66%, with significant variation 
across villages and between sexes. Prevalence of stunting, underweight, and wasting was 41.7%, 46%, 
and 29.7%, respectively. Mean haemoglobin concentrations in Plasmodium and children co-infected 
with urogenital schistosomiasis were significantly lower than those who were negative for the infection. 
No significant association was observed between malnutrition and single or co-infection of urogenital 
schistosomiasis and malaria. After adjusting for variables associated with anaemia, village of residence 
remained a significant predictor of anaemia. Water contact activities, such as fishing, swimming, and 
irrigation, emerged as independent risk factors of S. haematobium infection.

Significance:
Urogenital schistosomiasis and malaria infections are prevalent in communities around Warwade dam in 
Dutse, Nigeria,  and cause anaemia. Continuous monitoring, proper treatment and regular intervention is 
desirable in the communities.

Introduction
The two most common tropical parasitic diseases in sub-Saharan Africa are schistosomiasis and malaria, with 
both being a serious public health problem.1 The co-infection of malaria and helminth parasites in Africa is as a 
result of their high proportions, overlapping distribution, transmission methods and other risk factors.2 There are 
three prevalent forms of schistosomiasis in Nigeria: Schistosoma haematobium, S. mansoni, and S. intercalatum.3 
Approximately two-thirds of the schistosomiasis cases are due to infection caused by S. haematobium, which 
represents an important cause of severe urinary tract disease.4 Previous studies have confirmed that urogenital 
schistosomiasis and malaria infections are endemic in Nigeria.5 Co-infections of these parasites lead to reduced 
learning, reduced school achievements and poor development in children.6 Epidemiological studies have highlighted 
that individuals co-infected with more than one parasite species are at risk of increased morbidity, increased 
severity of the infecting parasite species and increased susceptibility to other infections.7 In sub-Saharan Africa, 
anaemia and malnutrition are the most frequent conditions encountered in field surveys and parasitic infections are 
among the major causes of these conditions.8 Mechanisms through which parasitic infections cause anaemia and 
malnutrition include damage to intestinal mucosa which results in impaired digestion and absorption of nutrients, 
intestinal blood loss, interference with processes leading to production of blood cells in the bone marrow, and 
impaired immune development.9 The control of schistosomiasis and malaria infections has become a concern for 
many governments and has the support of donors (including international organisations) following the London 
Declaration of 2012.10 Identifying areas where these infections occur, and studying their co-infection, risk factors 
and implication on anaemia and nutritional status will increase the efficiency and proper implementation of control 
or elimination programmes.11 Based on previous studies, urinary schistosomiasis is prevalent in Jigawa State12, 
and work has been done on its co-infection with malaria and its effect on anaemia and nutritional status. In this 
study, we sought to determine whether there is a significant co-infection of urogenital schistosomiasis and malaria 
and its risk of anaemia and malnutrition amongst schoolchildren in the areas around Dutse in Jigawa State, Nigeria.
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Materials and methods
Study area
The study was conducted from June to August 2021 in Dutse, 
northwestern Nigeria. The study areas were Warwade, Saya Saya and 
Jigawar Daha rural localities about 15–19 km south of Dutse. Warwade 
lies between latitude 11˚44ʹ 3ʺ N and longitude 9˚13ʹ38ʺ E; Saya Saya
lies between latitude 11˚44ʹ50ʺ N and longitude 9˚12ʹ2ʺ E; and Jigawar 
Daha lies between latitude 11˚45ʹ28ʺ N and longitude 9˚11ʹ39ʺ E
(Figure 1). The communities were purposely selected because of their 
closeness to the major dam in the area (Warwade Dam). The Dam is 
used for irrigation, fishing, recreation and other domestic purposes. 
The relief of the area is flat with little undulation. The average annual 
temperature in Dutse is 26.8 °C. The warmest month, on average, is 
April, which has an average temperature of 31 °C. The coolest month on 
average is January, with an average temperature of 21.7 °C. The annual 
average precipitation in Dutse is 729 mm.13

Study population, sample size estimation and sampling 
technique
The study population consisted of primary schoolchildren of the selected 
communities. The children were selected from class 1–6 and within the 
age range of 5–15 years, using stratified random sampling. The sample 
size (n) was estimated using the formula14: 

n = Z2 × Pq ÷ d2

where n is the sample size required, d is the acceptable margin of error 
(5%), Z is the standard normal deviate of 1.96 at the 95% confidence 
level, P is  the prevalence of urogenital schistosomiasis reported in 
Dutse15 (10.0%) or prevalence of malaria (43.7%)16. The proportion of 
negative urogenital schistosomiasis or malaria (q) is given by (q = 1-p). A 
minimum sample size of 258 was obtained from the average (138+378/2)
of the calculated sample size of urogenital schistosomiasis (138) and 
malaria (378). However, due to the incidence of non-compliance and loss 
of samples, 300 samples were analysed in the study.

Sample collection and analysis
In the field, the middle finger of each enrolled pupil was cleaned with an 
alcohol swab and pricked with a sterile lancet to obtain a thick blood film 
on a labelled clean glass slide for the determination of malaria parasites. 

Haemoglobin levels were determined from another drop of blood on a 
Hb(Haemoglobin) test strip and Bioaid haemoglobin meter (Hangzhou 
Bosure Biotech Co. Ltd, China). The Hb value displayed was recorded 
to the nearest 0.1 g/dL. According to the World Health Organization 
(WHO), children of 5 to 11 years of age have a normal haemoglobin 
concentration with values of ≥11.5 g/dL and  mild, moderate or severe
anaemia with haemoglobin concentrations of 11.4–11.0 g/dL, 10.9–8.0 
g/dL  and ≤8.0 g/dL,  respectively. Children of 12 to 14 years of age
have a normal haemoglobin concentration with values of ≥12.0 g/dL
and mild, moderate or severe anaemia with values of 11.9–10.9 g/dL, 
10.9–8.0 g/dL and ≤8.0 g/dL,  respectively. People of 15 years and
older have a normal haemoglobin concentration with values of ≥13.0
g/dL and mild, moderate or severe anaemia with values of 12.9–11.0 
g/dL, 10.9–8.0 g/dL and ≤8.0 g/dL, respectively.17 Each of the enrolled
children was  provided with a clean, labelled, screw-capped plastic 
container and instructed to urinate into the container between 10:00 and 
14:0018 and to close the cap tightly.

Urine analysis
Urine samples with gross haematuria were observed visually while 
micro-haematuria was detected using Medi-Test Combi 9 urinalysis test 
strips (Macherey-Nagel, Germany). Fltration was used to determine the 
presence or absence of S.  haematobium eggs in the urine samples. 
About 10 mL of urine was transferred into a beaker after gentle shaking 
of the urine sample container. With the aid of a pipette dropper, 2 to 3 
drops of eosin were added to the beaker and mixed. The mixture was 
drawn up using a 10 mL syringe. A labelled Whatman® Nucleopore filter 
was inserted into a Millipore and fitted tightly. Keeping the syringe and 
the Millipore in a vertical direction, the plunger of the syringe containing 
the urine was depressed. Thereafter, 20 mL of Lugol’s iodine was also 
flushed through the filter holding the filter paper. The filter unit was then 
unscrewed and the filter allowed to air dry. The whole filter was viewed 
under a microscope at low objective power (objective x4). Infection was 
recorded as the number of eggs per 10 mL of urine.18,19 The intensity of 
infection was categorised as either heavy (>50 eggs/10 mL of urine) or
light (<50 eggs/10 mL of urine).7,18

Malaria parasite diagnosis
Thick blood films were dehaemoglobinised in water and stained with 
10% Giemsa solution for 10 min, rinsed in water and air dried. The 

Figure 1:	 Map of Dutse local government area (LGA) in Jigawa State showing the sampling location.
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stained films were viewed using 100 immersion oil objective. Slides were 
termed positive when asexual forms (trophozoites) and/or gametocytes 
of Plasmodium spp.  were observed. The malaria parasites per 
microlitre of blood was determined by multiplying the average number of 
parasites per high power field (100x objective and 10x eye piece) by a 
factor of 500. Between 30 and 50 fields were examined.20,18 Parasitaemia 
was classified as low (≤ 500 parasites/μL of blood), moderate (501–
5000 parasites/μL of blood) or high (>5000 parasites/μL of blood).7

Questionnaire administration and anthropometric 
measurements
Using a simple pre-tested questionnaire, we interviewed the enrolled children, 
with the help of the schoolteachers, to obtain their sociodemographic data 
and associated risk factors for urogenital schistosomiasis and malaria. Age, 
height, weight and mid-upper arm circumference (MUAC) were recorded to 
determine participants’  anthropometric indices. Height and weight were 
measured to the nearest 0.1 cm and 0.5 kg using a stadiometer  and 
scale, respectively. MUAC was measured to the nearest 0.1 cm using a 
graduated tape. These parameters were used to calculate nutritional indices 
for stunting (height-for-age), wasting (body mass index (BMI)-for-age) and 
underweight (weight for age). The indices were computed as z-scores 
based on the WHO growth reference curves.21 Height-for-age z-score 
(HAZ), BMI-for-age z-score (BAZ) and weight-for-age z-score (WAZ) were 
calculated. Children whose HAZ, BAZ and/or WAZ were more than two 
standard deviations below normal were considered stunted, wasted and/
or underweight, respectively.22

Data analysis
All collected data were entered into Microsoft Excel (MS Excel 2016) and 
were checked manually for their completeness. The data were  further 
analysed using  the IBM-statistical package for the social sciences 
(SPSS) version 25 (IBM—SPSS, Inc, Chicago, IL, USA). Descriptive 
measures such as the mean, standard deviation (SD), median 
(interquartile), frequencies, and proportions were used to summarise 
the data. Differences in proportions between populations were obtained 
using the chi-square  (χ2) test and one-way analysis of variance
(ANOVA). Median (interquartile) parasite density of S. haematobium and 
Plasmodium falciparum by village, sex and age group were compared 
using the Kruskal–Wallis test, Fisher’s exact test and Mann–Whitney 
test. Mean (SD) Hb levels were compared using a one-way ANOVA and 
independent t-test where appropriate. Multivariate logistic regression 
analysis was used to obtain the predictors of anaemia, while both 
bivariate and multivariate regression analyses were used in determining 
risk factors associated with the transmission of Plasmodium sp. and S. 
haematobium.

Ethical approval
The protocol of the study was reviewed and approved by the Health Research 
Committee of the Ministry of Health, Jigawa State (JHREC/2021/038). 
The State Universal Basic Education Board (SUBEB) of Jigawa State gave 
administrative approval to conduct the research (reference number SUBEB/
ADM/23/vol.1). Participation was voluntary, and a participant could decide 
to halt their participation in the study at any time without any penalty. The 
study complied with the institutional guidelines, rules and regulations of the 
Nigerian National Code for Health Research Ethics.

Results
A total of 300 schoolchildren from three communities – Jigawar Daha (115; 
38.3%), Warwade (114; 38%) and Saya Saya (71; 23.7%) – were examined 
during the study. The demographic characteristics of the schoolchildren 
are presented in Table 1. More than half (57%) of the participants were 
female. Jigawar Daha had the highest proportion of female children, 
while male children were significantly higher in Warwade Primary School 
(p=0.006). The mean age of all participants was 9.8±2.6 years and the
predominant age group was 8 to 11 years (57.3%). Principal water contact 
activities are depicted in Figure 2. The overall sociodemographics of the 
study participants are shown in Table 1.

Prevalence, parasite density, single and co-infection of 
urogenital schistosomiasis and malaria
The prevalence of single infection with S. haematobium or Plasmodium 
spp. and co-infection were 27.7% (95% CI = 22.6–32.8%), 10.3% (95%
CI = 6.7–13.7%) and 3.3% (95% CI = 1.3–5.3%), respectively (Table 2).
The prevalence of single infection with S. haematobium in schoolchildren 
varied significantly from village to village (p<0.001) and between sexes
(p=0.001), but not among age groups (p=0.45). The prevalence of single
infection with S. haematobium was higher among male schoolchildren 
(37.2%). Also, the prevalence at Warwade (50.9%) was about three times 
that at Saya saya (16.9%), and 4.5 times that at Jigawar Daha (11.3%). 
Regarding single infection with Plasmodium spp. and co-infection with 
Plasmodium spp. and S. haematobium, there was no significant variation 
with sex or age, or across villages (Table 2). Out of 300 schoolchildren, 
75 (25%) had light infection of S. haematobium, while only 8 (2.7%) had 
heavy infections. The median (interquartile) of S. haematobium parasite 
density was 9 (4 to 21), with significant difference among the villages 
(p<0.001) but not between sex (p=0.27) or among age groups (p=0.49).
Plasmodium spp. parasitaemia was low (≤ 500 parasites/μL of blood) in
26 (8.7%) children and moderate (501–5000 parasites/μL of blood) in 5
(1.7%) children. Parasite density ranged from 50 to 3250 parasites per 
microlitre of blood, with a median (interquartile) of 330 (175 to 465).There 
was no significant variation in infection intensity across villages (p=0.68),
between sexes (p=0.21) or among age groups (p=0.93).

Variable
All 

participants
Warwade

Saya 
Saya

Jigawar 
Daha

p-value

Sex 0.006*

 Female 171 (57) 52 (45.6) 43 (60.6) 76 (66.1)

 Male 129 (43) 62 (54.4) 28 (39.4) 39 (33.9)

Age (years)
< 

0.001*α

mean ± SD 9.8 ± 2.6 9.7 ± 2.0 8.2 ± 2.5 11.0 ± 2.4

 5–7 53 (17.7) 18 (15.8) 29 (40.8) 6 (5.2)

 8–11 172 (57.3) 76 (66.7) 34 (47.9) 62 (53.9)

 12–15 75 (25) 20 (17.5) 8 (11.3) 47 (40.9)

Educational level 0.28

 Primary 1 47 (15.7) 16 (14) 17 (23.9) 14 (12.2)

 Primary 2 50 (16.7) 17 (14.9) 13 (18.3) 20 (17.4)

 Primary 3 47 (15.7) 20 (17.5) 10 (14.1) 17 (14.8)

 Primary 4 52 (17.3) 20 (17.5) 8 (11.3) 24 (20.9)

 Primary 5 45 (15) 21 (18.4) 12 (16.9) 12 (10.4)

 Primary 6 59 (19.7) 20 (17.5) 11 (15.5) 28 (24.3)

Parent 
occupation

0.15

 Farmer 224 (74.7) 79 (69.3) 50 (70.4) 95 (82.6)

 Trader 47 (15 7) 20 (17.5) 14 (19.7) 13 (11 3)

 Artisan 20 (6.7) 12 (10.5) 5 (7.0) 3 (2.6)

Civil servant 9 (3.0) 3 (2.6) 2 (2.8) 4 (3.5)

*Significant at p<0.05; chi-square test and one-way ANOVAα

Table 1:	 Sociodemographic characteristics of the study participants (n (%))
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Prevalence of anaemia and malnutrition
The overall prevalence of anaemia was 66% (95% CI = 60.6–71.4%).
For severe, moderate and mild anaemia the prevalence was 5.7% 
(95% CI = 3.1–8.3%), 40.3% (95% CI = 34.7–45.9%) and 20% (95%
CI = 15.5–24.5%), respectively (Figure 3). The prevalence of anaemia 

differed significantly among villages (p<0.001), between sexes
(p=0.03) and among age groups (p=0.003). The anaemia prevalence 
was highest in Warwade, while Saya Saya had the lowest prevalence 
(Table 3). A higher prevalence of anaemia was observed in male and 
older children (12–15 years).

Single S. haematobium infection Single Plasmodium spp. infection

Variable N
Prevalence

n (%)

Parasite density (eggs/10 mL 
urine) Prevalence

n (%)

Parasite density (eggs/10 mL 
urine)

Co-infection 
prevalence

n (%)Range Median (IQR) Range Median (lQR)

Village 300 83 (27.7) 1 to 68 9 (4–21) 31 (10.4) 50–3250 330 (175–465) 10 (3.3)

 Warwade 114 58 (50.9) 2 to 68 14.5 (6–26.5) 7 (6.1) 90–475 335 (190–465) 4 (3.5)

 Saya Saya 71 12 (16.9) 2 to 27 6.5 (4.5–14.8) 7 (9.9) 135–430 325 (170–335) 2 (2.8)

 Jigawar Daha 115 13 (11.3) 1 to 7 2 (1.5–4.0) 17 (14.8) 20–3250 395 (155–535) 4 (3.5)

 p-value < 0.001* < 0.001*c 0.1 0.68c 0.96

Sex

 Female 171 35 (20.5) 1 to 64 7 (3–17) 19 (11.1) 50–3250
335 
(220–5325)

6 (3.5)

 Male 129 48 (37.2) 1 to 68 9 (4.3–25.8) 12 (9.3) 80–475 210 (145–430) 4 (3.1)

 p-value 0.001* 0.27e 0.61 0.21e 0.85

Age group

 5–7 53 11 (20.8) 1 to 28 17 (8–23) 9 (17.0) 130–535
335 
(182.5–470)

1 (1.9)

 8–11 172 51 (29.7) 1 to 68 9 (4–21) 17 (9.9) 50–3250
330 
(152.5–452.5)

9 (5.2)

 12–15 75 21 (28.0) 1 to 64 6 (3 to 26) 5 (6.7) 135 to 560
230 
(155–477.5)

0

 p-value 0.45 0.49c 0.16 0.93c 0.07d

p-value was obtained using chi-square test, Kruskal–Wallis testc, Fisher’s Exact testd and Mann–Whitney teste; *significant at p<0.05

Table 2:	 Prevalence, parasite density, single and co-infection of urogenital schistosomiasis and malaria in schoolchildren by village, sex and age

Figure 2:	 Water contact activities in schoolchildren stratified by villages.
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Urinary schistosomiasis and malaria co-infection and 
association with anaemia and malnutrition
The proportion of anaemic schoolchildren with S. haematobium or 
Plasmodium spp. or co-infection with both parasites was not significantly 
higher than in those without these infections (Table 4). No significant 
variation in haemoglobin levels was observed between children with and 
without S. haematobium infection (10.9 vs 10.9 g/dL; p=0.91); however, 
mean haemoglobin levels in children with malaria infection were significantly 
lower than in uninfected children (9.7 vs 11.0 g/dL; p=0.004). Also, as 
shown in Figure 4, haemoglobin concentrations decreased significantly 
with increasing malaria parasite density (p<0.001). Regarding co-infection, 
mean haemoglobin levels were  significantly lower in children infected 
with both parasites (9.6 vs 10.9 g/dL; p=0.03). There was no significant 

association between single infection with schistosomiasis or malaria or 
with co-infection and nutritional status. The results in Table 4 indicate that 
cases of malnutrition did not significantly differ between infected and non-
infected children in the study areas.

Predictors of anaemia
Variables that showed significant associations (p<0.05) with anaemia 
were considered for multivariate logistic regression analysis. The results 
in Table 5 indicate that only village of residence remained a significant 
predictor of anaemia among schoolchildren. The odds of anaemia among 
schoolchildren was 3.4 times higher at Warwade and 2.6 times higher 
at Jigawar Daha compared to Saya Saya. Moreover, male children were 
1.7 times more likely to be anaemic than female children, and children 
aged  12–15 years and 8–11 years were, respectively,  1.6 and 1.4 

Variable N

Anaemia Prevalence of malnutrition n (%)

Prevalence

n (%)

Hb concentration, g/dL Stunting

n (%)

Underweight

n (%)

Wasting

n (%)Range Mean (SD)

Village 300 198 (66) 3.6–19.9 10.9 (1.8) 125 (41.7) 138 (46.0) 89 (29.7)

 Warwade 114 85 (74.6) 7.3–14.6 10.9 (1.2) 53 (46.5) 63 (55.3) 41 (36.0)

 Saya Saya 71 33 (46.5) 3.6–14.7 11.5 (1.9) 33 (46.5) 26 (36.6) 16 (22.5)

 Jigawar Daha 115 80 (69.6) 3.6–19.9 10.6 (2.2) 39 (33.9) 49 (416) 32 (27.8)

 p-value <0.001* 0.01*a 0.10 0.03* 0.13

Sex

 Female 171 104 (60.8) 3.6–19.9 10.9 (2.0) 65 (38.0) 79 (46.2) 52 (30.4)

 Male 129 94 (72.9) 3.6–14.7 10.9 (1.5) 60 (46.5) 59 (45.7) 37 (28.7)

 p-value 0.03* 0.95b 0.14 0.94 0.75

Age group

 5–7 53 29 (54.7) 7.3–14.7 11.4 (1.2) 13 (24.5) 6 (11.3) 8 (15.1)

 8–11 172 108 (62.8) 3.8–14.4 10.9 (1.8) 70 (40.7) 76 (44.2) 44 (25.6)

 12–15 75 61 (81.3) 3.6–19.9 10.7 (2.3) 42 (56.0) 56 (74.7) 37 (49.3)

p-value 0.003* 0.06a 0.002* <0.001* <0.001*

p-value obtained using chi-square test, one-way ANOVAa and independent t-testb; *significant at p<0.05

Hb, haemoglobin; SD, standard deviation

Table 3:	 Prevalence of anaemia and malnutrition in schoolchildren by village, sex and age

Figure 3:	 Prevalence of anaemia amongst schoolchildren in the studied areas.
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times more likely to be anaemic than the 5–7-year cohort. Stunted and 
underweight children had almost 2 times the risk of being anaemic when 
compared to non-stunted children in the studied population (Table 5).

Risk factors associated with the transmission of 
urogenital schistosomiasis and malaria
At bivariate level, water contact activities (except for fetching) 
showed significant association (irrigation: p=0.01;  swimming:
p<0.001;  washing: p=0.002, fishing; p=0.01) with the transmission
of S. haematobium infection (Table 6). After adjusting for village of 

residence, sex and age, water contact activities that emerged as 
independent significant risk factors of S. haematobium infection 
included fishing, swimming and irrigation. Engaging in fishing 
activities was associated with an 8.3-fold increased likelihood of S. 
haematobium infection relative to those who did not fish. Also, the 
odds of S. haematobium infection among schoolchildren who engaged 
in swimming was 4.5 times greater than in those children who did not 
swim. In addition, schoolchildren engaged in irrigation activities were 
2.3 times more likely to be infected with S. haematobium compared to 
those who did not (Table 6). Regarding Plasmodium spp. infection, the 
use of insecticides and insecticide treated nets decreased the odds of 

Figure 4:	 Association between haemoglobin levels and malaria parasite density.

Variable N

Anaemia Prevalence of malnutrition n (%)

Prevalence

n (%)

hb concentration, g/dL Stunting

n (%)

underweight

n (%)

Wasting

n (%)range Mean (SD)

S. haematobium

 Negative 217 138 (63.6) 3.6–19.9 10.9 (1.9) 86 (39.6) 95 (43.8) 63 (29.0)

 Positive 83 60 (72.3) 5.5–14.7 10.9 (1.5) 39 (47.0) 43 (51.8) 26 (31.3)

 p-value 0.16 0.91b 0.25 0.21 0.69

Plasmodium spp.

 Negative 269 175 (65.1) 3.6–19.9 11.0 (1.7) 112 (41 .6) 127 (47.2) 81 (30.1)

 Positive 31 23 (74.2) 3.8–13.0 9.7 (24) 13 (41.9) 11 (35.5) 8 (25.8)

 p-value 0.31 0.004*b 0.97 0.22 0.62

Co-infection

 Negative 290 191 (65.9) 3.6–19 10.9 (1.8) 121 (41.7) 135 (46.6) 86 (29.7)

 Positive 10 7 (70.0) 5.5–12.3 9.6 (2.5) 4 (40.0) 3 (30.0) 3 (30.0)

 p-value 0.79 0.03*b 0.91 0.30 0.98

p-value obtained using chi-square test and independent t-testb; *significant at p<0.05

Hb, haemoglobin

table 4: Urinary schistosomiasis, malaria and co-infection association with anaemia and malnutrition
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Predictor
Bivariate analysis Multivariate analysis

cOR 95% Cl p-value aOR 95% Cl p-value

Area

 Saya Saya (ref.) 1.0 1.0

 Jigawar Daha 2.6 1.4 – 4.9 0.002* 2.3 1.2 – 4.7 0.02*

 Warwade 3.4 1.8 – 6.3 <0.001 3.1 1.6 – 6.2 0.001*

Sex

 Female (ref.) 1.0 1

 Male 1.7 1.1 – 2.8 0.03* 1.6 0.95 – 2.8 0.08

Age group (years)

 5–7 (ref.) 1.0 1.0

 8–11 1.4 0.75 – 2.6 0.29 1.1 0.52 – 2.2 0.83

 12–15 3.6 1.6 – 8.0 0.002* 2.5 0.94 – 6.8 0.07

S. haematobium

 Negative (ref.) 1.0 –

 Positive 1.5 0.86 – 2.6 0.16 – – –

Plasmodium sp.

 Negative (ref.) 1.0 –

 Positive 1.5 0.67 – 3.6 0.31 – – –

Co-infection

 Negative (ref.) 1.0 –

 Positive 1.2 0.31 – 4.8 – – –

Haematuria

 Negative (ref.) 1.0 –

 Positive 1.5 0.52 – 4.2 0.47 – – –

Stunted

 No (ref.) 1.0 1.0

 Yes 1.8 1.1 – 3.0 0.02* 1.7 0.92 – 3.0 0.09

Underweight

 No (ref.) 1.0 1.0

 Yes 1.7 1.1 – 2.8 0.03* 1.01 0.55 – 1.9 0.98

Wasted

 No (ref.) 1.0 –

 Yes 0.83 0.49 – 1.4 0.47 – – –

cOR, crude odds ratio; aOR, adjusted odds ratio; ref., reference; CI, confidence interval; *significant at p<0.05

Table 5:	 Predictors of anaemia in schoolchildren in the studied communities
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Plasmodium spp. infection among schoolchildren (Table 7). However, 
these risk factors (use of insecticides and treated nets) did not attain 
statistical significance in the studied population, in both bivariate and 
multivariate analyses (Table 7).

Discussion
Schistosomiasis and malaria have an adverse effect on cognitive 
development, leading to diminished educational performance and 
absenteeism.,2324 Both urogenital schistosomiasis and malaria lead 
to anaemia and growth retardation in children.25 From the findings in 
this study, urogenital schistosomiasis  is highly prevalent (≥50%) in 
Warwade, whereas it is moderately prevalent (≥10%) in Saya Saya and 
Jigawar Daha. This is because Warwade is the closest community to 
the Warwade Dam,  followed by Saya Saya and Jigawar Daha and the 
closer the children are to the water body the higher the probability of 
being infected with schistosomiasis. This shows that there is a high 
transmission of urogenital schistosomiasis around the Warwade Dam 
in Dutse. The high prevalence and infection intensity in schoolchildren 

in the area is an indicator that the rest of the population are at high 
risk of infection. The 50.9% prevalence of urogenital schistosomiasis 
in Warwade is greater than the prevalence reported by Alhaji et al.26 
who found a  12.3% prevalence in the Warwade community using a 
sedimentation technique. This difference is because we sampled primary 
schoolchildren and adolescents and employed a  filtration technique. 
The overall prevalence of S. haematobium (27.7%) in the studied 
villages is also greater than the prevalence found in a recent study by 
Dogara et al.15 who  reported a 10% prevalence of S. haematobium in 
the Dutse metropolis using a sedimentation method.  This difference 
is due to the prximity of our  studied villages to  Warwade Dam and 
because we employed a filtration technique which is more sensitive than 
a sedimentation method.19

Moreover, the 27.7% prevalence of S. haematobium in the studied 
communities is higher than the prevalence reported by David et 
al.27 in Gwaram, Jigawa State. However, the overall prevalence of S. 
haematobium in this study is lower than the overall prevalence found by 
Awosolu et al.28 in southwestern Nigeria. Amaechi et al.29 recorded an 

Risk factors
Bivariate analysis Multivariate analysis

cOR 95% Cl p-value aOR 95% Cl p-value

Village

 Saya Saya (ref.) 1.0 1.0

 Jigawar Daha 0.63 0.27 – 1.5 0.28 1.04 0.40 – 2 0.94

 Warwade 5.1 2.5 – 10 <0.001* 5.5 2.4 – 12.5 < 0.001*

Sex

 Female (ref.) 1.0 1.0

 Male 2.3 1.4 – 3.9 0.001* 1.1 0.60 – 2.1 0.72

Age group (years)

 5–7 (ref.) 1.0 –

 8–11 1.6 0.77 – 3.4 0.21 – – –

 12–15 1.5 0.65 – 3.4 0.35 – – –

Irrigation

 No (ref.) 1.0 1.0

 Yes 2.2 1.2 – 3.9 0.01* 2.3 1.2 – 4.6 0.01*

Swimming

 No (ref.) 1.0 1.0

 Yes 5.6 3.1 – 10.2 < 0.001* 4.5 2.3 – 9.1 < 0.001*

Washing

 No (ref.) 1.0 1.0

 Yes 2.6 1.4 – 5.0 0.002* 1.4 0.68 – 3.0 0.35

Fetching

 No (ref.) 1.0 –

 Yes 1.3 0.44 – 4.0 0.62 – – –

Fishing

 No (ref.) 1.0 1.0

 Yes 5.6 1.4 – 22.8 0.01* 8.3 1.6 – 43.0 0.01*

cOR, crude odds ratio; aOR, adjusted odds ratio; ref., reference; CI, confidence interval; *significant at p<0.05

Table 6: 	 Risk factors associated with urogenital schistosomiasis infection in schoolchildren
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overall prevalence of 50.8% in southeastern Nigeria. The prevalence and 
infection intensity of S. haematobium varied by village. This is probably 
due to the level of exposure and the distance of the communities to the 
main water body (Warwade Dam) in the area. However, the prevalence 
and intensity also varied by sex; being more prevalent in male than female 
children; this is due to water contact activity/behaviour and susceptibility 
to infection in relation to sex. This is consistent with the work in Ondo 
State30 in southeastern Nigeria31 and in The Gambia.32 However this is 
contrary to the findings of Otuneme et al.33 and Hassan et al.34 who 
recorded higher prevalence in female participants in southwestern 
Nigeria. Although there is no significant difference between prevalence 
and infection intensity among age groups, children of 8–11 years and 
11–15 years have relatively higher prevalence and intensity when 
compared to the 5–7-year cohort. This is comparable to the research 
in Côte d’Ivoire where higher prevalence was found in 8–15-year-olds.35 
Uweh et al.36 also reported higher prevalence in the 11–15-year age 
group in Benue State and another higher prevalence was found in a 
fishing community in Kebbi State within the age group of 8–10 years.37

The total prevalence of malaria of 10.3% reported in this study was lower 
than the prevalence (51%) reported by Dogara and Ocheje38 in Dutse 
General Hospital. However, the relatively low prevalence of malaria in the 
studied villages may be attributed to the season in which the research 
was conducted; high prevalence of malaria in northern Nigeria usually 
occurs in the rainy season (August–November). Also, our low prevalence 
is because ours was not a hospital-based study; many of the infections 
are asymptomatic with moderate parasitaemia. A very low co-infection 
(3.3%) was detected between S. haematobium and Plasmodium spp., 
showing no significant association between urogenital schistosomiasis 
and malaria infection in our study. Co-infection prevalence in this 
research is lower when compared to other studies in Nigeria. Morenikeji 
et al.39 reported 57.1% co-infection prevalence in a rural community in 
southwestern Nigeria; Oladele et al.40 found 16% co-infection prevalence 
in Ogun State. However, co-infection is lower than that reported by 

Nyarko et al.41 in Ghanian schoolchildren and Deribew et al.42 in Ethiopian 
schoolchildren (0.9% and 2.84%,  respectively). Notwithstanding this, 
in a recent study by Sumbele et al.7 in Cameroon, a relatively higher 
8.3% co-infection prevalence of S. haematobium and P. falciparum was 
reported. Moreover, S. haematonium and Plasmodium may modulate 
the effect of each other within their host. According to Lyke et al.43 S. 
haematobium exerts a persistent stimulatory effect on the host immune 
system, protecting children against uncomplicated P. falciparum. 
Conversely, schistosomiasis can have a negative effect on host response 
to malaria, including increased susceptibility to Plasmodium infection 
and increased severity of disease, especially among children.44 Oladele 
et al.40 found most co-infected school-aged children had malnutrition, 
impaired cognitive development, splenomegaly and fatigue, resulting in 
poor school performance and reduced overall physical work capacity.

Our study revealed that an overall 66% of the schoolchildren were 
anaemic. Warwade, Saya Saya and Jigawar Daha had  an anaemia 
prevalence of 74.6%, 46.5% and 69.6%, respectively. This showed 
that the schoolchildren in the villages were severely anaemic – an 
indication of a huge public health problem.17 The higher prevalence 
of anaemia in schoolchildren is comparable to the findings o  Nyarko 
et al.41 in Ghana, Deribew et al.42 in Ethiopia and Sumbele et al.7 in 
Cameroon who reported an anaemia prevalence of 59.9%, 81.8% and 
74.4%, respectively. However, in northwestern Nigeria, a lower anaemia 
prevalence of 11.7% was reported by Oladele et al.40 Although there are 
many causes of anaemia, the high prevalence of anaemia in Warwade, 
Saya Saya and Jigawar Daha is probably due to the high prevalence and 
infection intensity of S. haematobium and Plasmodium. Therefore, this 
study provides further evidence that parasitic infections are associated 
with anaemia. Results of this research revealed a mean haemoglobin 
concentration of 10.9±1.8 g/dL.  This is because the prevalence of 
moderate anaemia is greater than that of severe and mild anaemia. 
Although in this study there was no significant difference in haemoglobin 
levels in children with and without S. haematobium infection, the mean 

Risk factor
Bivariate analysis Multivariate analysis

cOR 95% Cl p-value aOR 95% Cl p-value

Village

 Saya Saya (ref.) 1.0 1.0

 Jigawar Daha 1.6 0.62 – 4.0 0.33 3.3 1.1 – 10.0 0.04*

 Warwade 0.60 0.20 – 1.8 0.36 0.92 0.28 – 3.0 0.88

Sex

 Female (ref.) 1.0 1.0

 Male 0.82 0.38 – 1.8 0.61 0.80 0.35 – 1.8 0.60

Age group (years)

 5–7 (ref.) 1.0 1.0

 8–11 0.54 0.22 – 1.3 0.16 0.34 0.12 – 0.94 0.04*

 12–15 0.35 0.11 – 1.1 0.08 0.15 0.04 – 0.59 0.01

Use of ITN

 No (ref.) 1.0 1.0

 Yes 0.64 0.30 – 1.4 0.21 0.85 0.38 – 1.9 0.69

Use of insecticide

 No (ref.) 1.0 1.0

 Yes 0.65 0.31 – 1.4 0.26 0.54 0.24 – 1.2 0.13

cOR, crude odds ratio; aOR, adjusted odds ratio; ref., reference; CI, confidence interval; ITN, insecticide-treated net; *significant at p<0.05

Table 7:	 Risk factors associated with malaria infection in schoolchildren

https://www.sajs.co.za
https://dx.doi.org/10.17159/sajs.2023/13846


Volume 119| Number 7/8
July/August 202385https://doi.org/10.17159/sajs.2023/13846

Research Article

Schistosomiasis and malaria co-infection in schoolchildren in Nigeria
Page 10 of 12

haemoglobin level in children with malaria was significantly lower than 
that in  uninfected children, and haemoglobin concentration decreased 
significantly with increasing malaria parasite density. This result is 
consistent with the findings of Konaté et al.45 in Mali, Starck et al.46 in 
Burkina Faso and Ehiem et al.47 in Ghanaian schoolchildren. Moreover, 
mean haemoglobin levels were significantly lower in children co-infected 
with S. haematobium and Plasmodium. This is due to the combined 
loss of red blood cells (erythrocytes) as a result of S. haematobium 
and Plasmodium infections. This result is also comparable to the 
findings of Kinung’hi et al.48 in Tanzania, Sumbele et al.7 in Cameroon 
and Edosomwan et al.49 in Nigeria. We also found a higher prevalence 
of anaemia in male children than in female children. This is probably 
due to the higher prevalence and intensity of S. haematobium in the 
male participants  in the study. Nevertheless, Warwade (village of 
residence) was the only significant predictor of anaemia. This is likely 
due to the severe and prolonged burden of S. haematobium infection 
(>50% prevalence) and malnutrition in Warwade. Being stunted and
underweight increased the risk of anaemia in the schoolchildren.

Accordance to the WHO classification of the severity of malnutrition, 
malnutrition (stunting, underweight and wasting) is highly prevalent in 
the studied population.50 Millions of children in the world suffer from 
malnutrition; although the causes of malnutrition are multifactorial, 
studies have indicated that malaria and urogenital schistosomiasis 
increase the risk of malnutrition51. Thus S. haematobium and 
Plasmodium infections are detrimental to growth and development of 
children, which could lead to attention deficit, school absenteeism and 
reduced cognitive ability.50 Other studies in Nigeria have found  lower 
prevalence of stunting, underweight and wasting: Ayogu et al.52 in 
southeastern Nigeria, Umeokonkwo et al.53 in Abakaliki metropolis and 
Ajakaye and Ibukunoluwa54 in Edo State. The prevalence of malnutrition 
(stunting, underweight and wasting) detected in this study is also higher 
when compared to the findings in Angola55, in northwestern Tanzania48 
and in Cameroon7.

Underweight varied significantly from village to village, while stunting, 
underweight and wasting varied significantly by age group. This 
finding is probably due to nutritional and environmental stress, as 
older children (12–15 years) are more hyperactive than those much 
younger (5–7 years). We  did not discern a significant association 
between single or multiple parasite infections (S. haematonium and 
Plasmodium) and malnutrition. Although an association between single 
and multiple parasite infections and malnutrition have been reported in 
Kenya and Angola56,55, some studies in Nigeria and Tanzania reported 
no association57,49. The lack of association between S. haematobium, 
Plasmodium sp. or co-infection of the parasites and malnutrition is 
likely due to other factors that are associated with undernutrition, maybe 
socio-economic factors and other infections.

Water contact activities that aided the transmission of urogenital 
schistosomiasis in this study were fishing, swimming and irrigation. 
This is line with the research of Singh et al.58 in Sokoto, Mafiana  
et al.59 in Ogun State and N’Guessan et al.60 in Mauritania. In this study, 
children who were engaged in fishing had a 8.3-fold greater  likelihood 
of urogenital schistosomiasis infection relative to those who did not fish. 
Also, the odds of S. haematobium infection among schoolchildren who 
engaged in swimming was 4.5 times greater than those who did  not 
swim. In addition, schoolchildren engaged in irrigation activities were 2.3 
times more likely to be infected with S. haematobium compared to those 
who did not engage in irrigation. Again, children in Warwade are  5.5 
times more likely to have S. haematobium infection when compared to 
children in Saya Saya and Jigawar Daha. The use of insecticides and 
insecticide-treated nets decreased the odds of Plasmodium sp. infection 
among schoolchildren but not  statistically significantly  in the studied 
population, in both bivariate and multivariate levels of analyses.

Conclusions
Schistosomiasis is a neglected tropical disease;  the largest burden 
of which is found in sub-Saharan Africa, which accounts for ~93% 
of the world’s ~207 million schistosomiasis cases. In Nigeria, both 
schistosomiasis and  malaria are  diseases of  public health concern 

which affect mainly schoolchildren. S. haematobium and Plasmodium 
spp infections were prevalent in the schools in our study. Although a 
low co-infection was observed, a high prevalence of anaemia and 
malnutrition was found  in the studied areas. Despite the fact that the 
parasite infections (S.haematobium, Plasmodium sp. and co-infection) 
were not significantly correlated with malnutrition (stunting, underweight 
or wasting), there was, however, a significant difference in Plasmodium 
spp. single infection as well as co-infection with anaemia. Village of 
residence (Warwade and Saya Saya) was an independent significant 
predictor of anaemia, while being in the 12–15-year age group, 
being male, stunted and underweight increased the odds of anaemia. 
Swimming, irrigation and fishing were independent significant risk factors 
of urogenital schistosomiasis infection, while the use of insecticide and 
insecticide-treated nets decreased the odds of malaria infection. In view 
of the findings of this study, there is need for large-scale interventions 
in the communities within and around the Warwade Dam area via mass 
drug administration.
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In clinical trials, a vital protocol requirement for participants is adherence to scheduled visits. A substantial 
number of missed visits and the resultant missing data could affect generalisability of the findings and 
undermine the scientific conclusions. We aimed to investigate the extent of and reasons for missed 
visits in the Evidence for Contraceptive Options and HIV Outcomes (ECHO) trial in order to optimise 
recruitment and retention practices. Despite being a multi-country study, we investigated missed visits 
only at Setshaba Research Centre in Soshanguve, Tshwane, South Africa. Of 810 participants enrolled at 
Setshaba Research Centre, 94 (11.6%) participants missed visits and 231 missed visits were recorded. 
Of the 94 participants who missed visits, 53 (56.4%) missed at least two visits; 37 (39.4%) missed 
three or more visits, and of these, 32 (86.5%) missed at least two visits for the same reason. Overall, the 
main reasons for missed visits were: participant had to work (60; 26.0%), unable to contact participant 
(60; 26.0%), participant relocated (32; 13.9%), and participant travelled out of area (23; 10%). The large 
proportion of participants who missed two or more visits indicates that participants who miss a single visit 
are likely to miss even more, often for the same reason. Site staff need to be vigilant to detect any trends 
in missed visits early and innovative in developing personalised strategies to minimise missed visits and 
retain participants until completion of their scheduled visits.

Significance:
• Despite trial site staff developing strategies to minimise missed visits, they will not be able to anticipate 

all scenarios.

• Participants’ work commitments, loss of contact with participants, and participants’ travel/relocation to 
distant areas were the main reasons for missing visits, and site staff need to consider the potential for
these to arise during the course of the study when assessing potential participants at enrolment and at
each follow-up visit.

• Case report forms designed for multi-country studies should be adapted to reflect the most likely
reasons for missed visits for the local situation, so that trends in missed visits can be identified and
addressed early.

Introduction
High participant retention is a critical element of clinical trials which can only be achieved by ensuring that 
participants comply with protocol requirements. A vital protocol requirement for participants is adherence to their 
scheduled visits. Retention of enrolled subjects is essential for both scientific and economic reasons. Missed visits 
can not only compromise the safety of participants but also impact on the study data and trial outcomes. Substantial 
instances of missed visits and the resultant missing data are serious problems and can affect generalisability of the 
results, significantly bias the results, reduce study power and undermine the scientific trustworthiness of causal 
conclusions from clinical trials.1,2 Keeping participants in a trial ultimately helps keep a study on track, saving time, 
money and resources in the process.3

Missed visits are frequently unintentional and could be due to factors outside a participant’s control. Women, in 
particular, perform multiple social roles such as being members of kinship networks, wives, girlfriends, caregivers, 
income earners, and scholars. Fulfilling these roles often compromises their ability to attend clinic visits.4 Other 
reasons provided by participants for missing visits were being out of the study area, being “busy” or unavailable 
because of work, adverse events, not wanting to undergo HIV testing at each quarterly visit, long waiting periods 
at the clinics, negative rumours in the community regarding the study, disapproval of the study by partners and/or 
parents, relocation for employment, financial constraints, forgetting visits, incarceration, and unstable housing.3,5-8 
However, most of the studies in which these reasons were given were conducted over a decade ago and were 
outside of South Africa. Reasons for missing visits are not universal and differ from place to place and over time. 
Therefore, there is a need to conduct such a study in South Africa.

An opportunity to investigate reasons for missed visits at a South African research site arose in the Evidence 
for Contraceptive Options and HIV Outcomes (ECHO) study – a randomised clinical trial which compared HIV 
incidence and contraceptive benefits in women using depot medroxyprogesterone acetate, levonorgestrel implant, 
and copper intrauterine devices.9 The study site, Setshaba Research Centre, was one of 12 sites across eastern 
and southern Africa that participated in this study. Setshaba Research Centre is situated in Soshanguve, which is 
about 100 km from Johannesburg in the district of Tshwane and province of Gauteng, South Africa. The catchment 
area is made up of peri-urban and informal settlements and is densely populated with a total population of close 
to a million people. The centre is located in an area of high disease burden, especially HIV/TB, with the incidence 
of HIV in studies among women conducted at Setshaba Research Centre ranging from 3−6 per 100 person
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years. The community has a high proportion of residents who have 
not completed secondary schooling, a high unemployment rate, and is 
poorly resourced, which influence the social, economic and structural 
factors that contribute to the high disease burden.10,11 It is against this 
backdrop of demographic and socio-economic factors that we aimed 
to investigate the extent of missed visits and the reasons thereof in the 
ECHO trial, in order to revise and optimise recruitment and retention 
practices for future studies.

Methods
This study involved a secondary analysis of data from the ECHO study. 
The 12 sites in the ECHO study were from across South Africa, Kenya, 
Eswatini, and Zambia. A total of 7830 HIV-uninfected women between 
16 and 35 years of age were enrolled in the study. Despite this being a 
multi-country study, the aspect on missed visits was investigated only 
at Setshaba Research Centre, Soshanguve, in Tshwane, South Africa. 
Setshaba Research Centre’s site-specific data for screening, enrolment 
and missed visits were obtained via the ECHO Research Manager, 
International Clinical Research Center, Department of Global Health, 
University of Washington, USA. Setshaba Research Centre enrolled 810 
participants in 2016−2017 and they were followed up at 1, 3, 6, 9, 12, 
15 and 18 months.

During the ECHO trial, Setshaba Research Centre implemented standard 
retention practices developed from experience in previous trials to 
minimise missed visits and maximise retention efforts. Relevant 
processes were outlined to participants prior to enrolment and 
reinforced during the course of the study. These included, but were not 
limited to, use of appointment cards, reminder calls, visit trackers and 
short message services (SMSs) sent to the participants, after-hour and 
weekend clinic visits based on participants’ needs, home visits, clinic 
waiting area adherence discussions and collection of locator information 
during screening, verified and updated, if required, at each subsequent 
visit. Retention efforts were supplemented with an innovative strategy 
of quarterly informal social participant events, called ‘chilling sessions’, 
for participants to engage with staff and other participants in a relaxed 
setting, which provided a platform for education and information sharing 
as well as for addressing participant concerns, myths and fears.

When a participant missed a scheduled visit according to the visit 
window, the Missed Visit case report form (CRF) was used to document 
the relevant details. This form was sent to the data centre only once 
the visit window had closed and it was confirmed that the participant 
had missed the visit. The Missed Visit study-specific CRF contained the 
following information: (1) reason for missed visit (specified as follows: 
Unable to contact participant; Unable to schedule appointment within 
allowable window; Participant refused visit; Participant incarcerated; 
Participant admitted to a healthcare facility; Participant travelled out 
of area; Participant forgot; Participant did not have money; and Other 
(Specify)); (2) steps taken to address the missed visit (corrective action 
plan); and (3) additional comments.

For this sub-study, the data were analysed using descriptive statistics. 
The information provided by the data centre was analysed using 
Microsoft Excel for Office 365 and Epi Info 7. Data from the Missed 
Visit study-specific CRF for all those who missed visits were analysed 
to determine the proportion of participants who missed visits and the 
frequency and reasons for missing visits. Data from the screening 
and enrolment visit CRFs were used to report on the demographics of 
participants. The results are reported as frequencies and percentages.

With respect to the specified reasons ‘Unable to contact participant’ and 
‘Unable to schedule appointments within allowable window’, several of 
these were changed in the analyses to the actual reason why participants 
missed their visits where staff eventually managed to contact the 
participant or their alternative contact person, or by conducting home 
visits as part of their corrective action. ‘Phone only rings’ as stated under 
‘Other (Specify)’ was recoded and combined in the analyses with the 
specified reason ‘Unable to contact participant’. If an entry recorded 
under ‘Other (Specify)’ suggested that the participant could not come 
to the site because of issues related to work, this was recoded as ‘Work 
commitments’. Staff would attempt to verify the inability of the participant 

to come to the site because of work commitments by following up with 
the alternative contact person, if this information had been provided by 
the participant, or by conducting home visits.

Sociodemographic comparisons were made between those who missed 
visits and those who did not; a significance level of 0.05 was used. 
The ECHO study was approved by the South African Health Products 
Regulatory Authority and ethical clearance was provided by the University 
of the Witwatersrand Human Research Ethics Committee (FHI 360 Study 
number 523201; Ethics reference number: 141112). Informed consent 
was obtained from participants at screening and enrolment.

Results
Of the 810 participants enrolled at Setshaba Research Centre, missed 
visits were reported for 94 (11.6%) participants over the course of the 
study. The mean age (±standard deviation) of the 94 participants was 
23.5 (±3.7) years; 40 (42.6%) did not complete secondary school, 42 
(44.6%) completed secondary school and 12 (12.8%) attended a post-
secondary institution; 92 (97.9%) were never married and only 15 (16%) 
were living with a partner; however, 69 (73.4%) had partner support.

Throughout study participation, 231 missed visits were recorded for the 
94 participants. Thus, some participants had multiple missed visits. Of 
the 94 participants who missed visits, 53 (56.4%) missed at least two 
visits and 37 (39.4%) missed three or more visits. Of those who missed 
three or more visits, 32 (86.5%) missed at least two visits for the same 
reason. The majority (74.9%) of missed visits occurred in the second 
half of the study. The reasons for the missed visits are presented in 
Table 1.

Of the 231 missed visits, 93 (40.3%) were for specified reasons and 138 
(59.7%) were for ‘Other’ reasons. The main reasons for missing visits 
were work commitments (60/231; 26.0%) and being unable to contact 
participants (60/231; 26%), which together accounted for just over 
half of all missed visits (Table 1). Additional frequently stated reasons 
were: ‘Relocated’ (32/231; 13.9%), ‘Travelled out of area’ (23/231; 
10%), ‘Unable to honour visit as promised’ (20/231; 8.7%) and ‘School 
commitments’ (16/231; 6.9%).

There were no missed visits recorded for some of the specified reasons 
listed on the CRF, namely: Participant incarcerated, Participant admitted 
to a healthcare facility, Participant forgot, and Participant did not have 
money.

Reason for missed visit n %

Unable to attend because of work 60 26.0

Unable to contact the participant 60 26.0

Participant relocated 32 13.9

Travelled out of the area 23 10.0

Unable to honour visit as promised 20 8.7

School commitments 16 6.9

Participants wanting to withdraw from 
study participation

5 2.1

Other commitments 4 1.7

Participants wanting to have a baby 3 1.3

Participants experiencing side effects 3 1.3

Unable to schedule appointments 
within the allowable window

2 0.9

Other 3 1.3

Table 1:	 Reasons for missed visits in the Evidence for Contraceptive 
Options and HIV Outcomes (ECHO) trial at the Setshaba 
Research Centre trial site, Soshanguve, South Africa (N = 231)
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The majority (63/94; 67.0%) of participants who missed visits were 
younger than 25 years old. There were no significant differences 
between those who missed visits and those who did not with respect to 
receiving financial support from partners, earning an income, education 
(completed secondary education or more versus primary education or 
less) or marital status (all p>0.05).

Discussion
The large proportion of participants who missed two or more visits 
indicates that participants who miss a visit are likely to miss even more 
visits. Furthermore, most participants who missed multiple visits missed 
more than once for the same reason. It is therefore important to identify 
those participants and their missed visit trends early in the trial so that 
personalised strategies to minimise missed visits can be devised and 
implemented. Corrective action to get participants to adhere to their 
visit schedule was taken as deemed appropriate for the reason of the 
missed visit. Some of the actions taken were: (1) study staff performed 
home visits; (2) transport to the research site was arranged; (3) some 
participants who had relocated but were still interested in continuing with 
the study were offered extra reimbursement to enable them to fulfil their 
visit; and (4) letters to confirm study visit attendance were also issued, 
if requested by the participant.

Despite strategies in place to minimise missed visits at the time of 
this study, site staff nevertheless faced some challenges. The main 
reason given for over a quarter of missed visits was that participants 
were unable to take time off from work, including over weekends. In 
the VOICE Study conducted in Johannesburg, South Africa, a random 
sub-sample of 102 female trial participants, 18 to 40 years of age, 
were interviewed to explore factors that shaped trial participation and 
adherence to study protocols. It was found that clinic visits interfered 
with household responsibilities as well as work or school, and trial 
participants encountered difficulties when trying to balance their 
commitment to these different activities.4 Therefore, study staff need 
to be thorough at screening in establishing whether work commitments 
may make it difficult for participants to adhere to their visit schedule. 
Even then participants can become employed only after screening 
or enrolment or might change jobs, which can subsequently impact 
on their ability to adhere to the visit schedule. Moreover, we found 
that some of the participants who relocated did so because their 
place of employment was far from the trial site and this could not 
be anticipated at enrolment. Soshanguve is largely a residential area 
with little opportunity for employment. Thus, many local residents seek 
employment outside the catchment area in the cities of Johannesburg 
and Tshwane or in neighbouring provinces. It is therefore not surprising 
that a large proportion of missed visits were due to participants 
relocating or travelling out of the area, which could have been to seek 
employment or for personal reasons. Therefore, participants need to be 
informed at the outset and reminded during the course of the study to 
notify study staff of any change in their employment status so that staff 
can proactively assess the impact thereof on adhering to study visits 
and plan accordingly. In addition, if an enrolled participant relocates, 
it is important that the site staff are notified and arrangements can be 
made to accommodate their visits with extra reimbursement for travel 
costs and/or weekend visits.

The development and implementation of retention strategies is an ongoing 
and dynamic process. Yet despite site staff implementing retention 
measures, certain circumstances beyond their immediate control can 
derail plans. This was clearly illustrated by the COVID-19 pandemic which 
highlighted the potential for missed visits due to lockdown measures 
such as restricted inter-provincial travel, or reluctance by participants to 
use public transport to come to the research site because of the fear of 
exposure to the coronavirus from other symptomatic or asymptomatic 
passengers, particularly during each wave of the pandemic. Thus, site 
staff had to develop innovative means in a short time to minimise missed 
visits and maintain high retention to keep trials on track. Clinical trial 
implementation has been rigid in requiring lengthy in-person visits, which 
have both cost and inconvenience implications for participants and the 
research team alike. As a result of the COVID-19 pandemic, sponsors 
and researchers were forced to become more adaptable and to consider 

collecting data through other mechanisms, such as telephonically and 
online, e.g. if no specimens need to be collected, technology can be 
employed for virtual visits.

Inability to make contact with participants was the other major reason 
for missed visits. A study team member would generally attempt to 
contact participants to remind them of their upcoming visit; however, 
participants would sometimes fail to respond to the call, leading them 
to not honour their visit. A subsequent study conducted at this site 
suggested that this could partly be due to participants experiencing 
physical, financial and technological challenges with their cell phones, 
such as the battery running flat frequently, their cell phones being 
unreliable, or lack of data due to high data costs, poor network signal 
at home and use of applications.12 Additional strategies implemented by 
site staff included sending SMSs alerting them of their visit and calling 
after hours. It was also perceived that some participants may not have 
answered their phones for fear of the site’s number being recognised 
by an unsupportive partner/family member or employer. Therefore, site 
staff would sometimes call participants from a number other than the site 
contact number stated in the consent form, such as a staff member’s 
personal phone or another site office number.

This study also highlights the need for greater reflection on the design 
of CRFs. It is noteworthy that an inability to honour the visit due to work 
was recorded under ‘Other reasons’, as this circumstance accounted for 
over a quarter of all missed visits. Work commitments should have been 
anticipated as a potential reason for being unable to honour a scheduled 
visit. Therefore, this should be listed as a specified reason for missing 
a visit, particularly if the study population includes employed people. It 
is more difficult to keep track of reasons for missed visits if these are 
recorded under ‘Other reasons’. Nonetheless, in the absence of regular 
reports on missed visits from the data management centre, it remains 
the responsibility of the site research team to discuss each missed visit 
when this becomes known and to take corrective action. CRFs also 
need to be modified for the local situation by removing those specified 
reasons for which no entries were made, as these could be recorded 
under ‘Other reasons’ if they do occur in future. This highlights the need 
for experienced site research staff to be consulted during protocol and 
CRF design in multi-site trials.

Interestingly, a higher proportion of younger participants missed 
visits. This could possibly be due to the schoolchildren missing visits 
and skewing the data towards younger age. It is understandable that 
participants who are attending school would find it difficult to honour 
their visit at certain times, particularly during examinations, as this 
would be their priority. From experience with previous studies, site staff 
were aware of the difficulty that scholars faced to honour their visit 
during examinations. Bearing this in mind, the recruitment team was 
informed that school-going potential participants should not be included 
in the study. In addition, while this was not a protocol-exclusion criterion, 
study staff responsible for screening and enrolment tried to exclude 
participants who were attending school by asking them if they were 
attending high school before the informed consent form was signed. If 
participants did not disclose this information, they were then enrolled in 
the study. Therefore, despite school attendance not being an exclusion 
criterion, young participants need to be scrutinised further to confirm 
that they are not attending school to avoid the potential problems of 
missed visits due to schooling priorities.

The finding that three-quarters of the missed visits occurred in the 
second half of the trial could indicate participation fatigue, as participants 
were required to be in the study for 18 months. Other factors, such as 
side effects and personal commitments, played a minor role in missed 
visits. The method of contraception did not impact upon retention; at 18 
months of follow-up, retention was similar in the three arms of the trial 
(91.3%, 94.3% and 94.7%).9

Our research site conducts other clinical trials with female participants 
of similar demographic and socio-economic status. Furthermore, other 
research centres in South Africa conduct clinical trials in peri-urban 
areas that are similar to Soshanguve. Thus, the findings of this study 
are relevant to other clinical trials and to research centres in South Africa 
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as a whole, as well as to clinical trials in other low-to-middle-income 
countries.

Limitations of the study
The information on missed visits, more especially that due to unspecified 
‘Other reasons’, was not recorded systematically. Each case required 
careful analysis to determine the reason for the missed visit. Depending 
on the completeness of information and the interpretation of the study 
staff, there could have been misclassification of the reason. For example, 
many participants could not be contacted, and these missed visits were 
recorded under the specified reason of ‘Unable to contact participant’; 
however, for a substantial number of participants, ‘phone only rings’ 
was the reason recorded under ‘Other (Specify)’. Furthermore, for some 
participants for whom initial reasons for missed visits were recorded as 
‘Unable to contact participant’ or ‘Phone only rings’ or ‘Unable to honour 
visit as promised’, the reasons were changed to ‘Participant relocated’ 
or ‘Unable to attend because of work’ or ‘School commitments’ when 
staff eventually managed to contact the participant or their alternative 
contact person, or conducted home visits as part of their corrective 
action. Therefore, it is likely that for more participants who could not 
be contacted, the actual reasons for missed visits could be relocation, 
work or school commitments. The need for recoding of some reasons 
for missed visits captured on CRFs in the ‘Other’ field/option could have 
been detected during earlier site quality-control activities and staff could 
have been trained/retrained appropriately on CRF completion to avoid 
having to address this issue during analysis.

Another limitation of the study is that information on the corrective 
actions taken based on the information gained about non-attendance 
was not captured systematically, making it difficult to quantify the extent 
of the improvement in retention. However, the retention rate at the end of 
the study was 92%, which was above the standard of 90%.

Conclusions
Retention of participants in clinical trials is largely dependent upon 
recruitment of participants who will follow protocol requirements, 
with adherence to scheduled visits being one such requirement. Work 
commitments, inability to make contact with participants, and travel or 
relocation to areas distant from the research site were the main reasons 
for missing visits. Furthermore, we found that participants who missed 
a visit were likely to miss even more visits, often for the same reason. 
Therefore, site staff should be vigilant to detect any trends in missed visits 
early and develop personalised strategies to minimise missed visits and 
retain participants until completion of their scheduled visits. Despite trial 
site staff developing strategies to minimise missed visits, they will not 
be able to anticipate all scenarios and may still face some challenges. 
This has been highlighted most recently by the COVID-19 pandemic – 
an unprecedented event that caused chaos and immense hardship at 
local, national and global levels, simultaneously placing clinical trials 
and participants’ safety at risk. Thus, sponsors and researchers must 
move away from rigid in-person study visits and be more flexible in 
collecting data, such as through virtual or telephonic means, to ensure 
that study visits are not compromised. In addition, research staff should 
investigate the different types of technological tools used by participants 
and the extent of their use to determine which alternative options of data 
collection would best suit the participants in their catchment area.

Longer duration studies require more innovative approaches and need 
more individualised retention strategies. Furthermore, case report forms 
designed for multi-country studies should be adapted to reflect the most 
likely reasons for missed visits for the local situation, and this may help 
in identifying trends in missed visits early.
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Oxygen- and hydrogen-isotope ratios in rainfall provide important hydroclimatic information, yet despite 
a global network of rainfall isotope measurements, significant geographical gaps exist in data coverage, 
with only three long-term stations spanning the southern African region. Project-based, ad hoc collections 
of rainfall for isotope analysis can improve this coverage. However, all rainfall samples that are destined 
for stable isotope analysis must be collected in such a way to avoid evaporation and resultant isotope 
fractionation. While such rainwater collectors are available commercially, both the product and shipping 
are prohibitively costly. We describe the construction of a simple rainfall collector using a design from the 
literature and materials that are readily available in South African hardware stores. Our rainwater collector 
can be constructed for the much lower cost of just under ZAR820 in comparison with the cost of ZAR9300 
inclusive of shipping from commercial outlets (2022 prices). Our design modifications have the added 
advantage of portability, with the rainwater collector housed in a bucket with a handle. The device was 
tested by comparing its performance, in terms of evaporative water loss and isotopic fractionation, with 
that of an open bottle, using tap water in both cases. Testing confirmed that the collector prevented 
evaporation over a one-week period, indicating that it is suitable for weekly or more frequent sampling of 
rainfall. Although the design described was based on materials procured in South Africa, it could easily be 
adapted for construction elsewhere.

Significance:
	 •	 Hydrogen and oxygen isotope composition of rainfall provides valuable climatic information.

	 •	 Rainwater collectors for stable isotope samples must prevent evaporation, as evaporation will alter the 
isotopic signature.

	 •	 We describe the construction and testing of a bespoke, low-cost and portable device that can be 
used to collect rainfall samples destined for oxygen- and hydrogen-isotope analysis without significant 
evaporation.

Introduction
Oxygen- and hydrogen-isotope ratios (18O/16O and 2H/1H, respectively) of precipitation are valuable tracers of 
hydroclimatic processes used extensively to investigate meteorology and climate on short (e.g. hourly1) to long 
(inter-decadal2) timescales and on spatial scales ranging from local3 to global4.

The Global Network of Isotopes in Precipitation (GNIP) is an extensive database of precipitation isotope data hosted 
by the International Atomic Energy Agency (IAEA). It currently contains precipitation isotope data for more than 
1000 sites across around 125 countries. Most of the measurements relate to integrated monthly precipitation 
samples5, although data from more frequent sampling (e.g. daily or event based) are available for some localities 
both in GNIP, and in other published studies6,7. In southern Africa, there are GNIP stations in Pretoria, Cape Town 
and Windhoek. Precipitation stable-isotope data have been used to investigate moisture sources in a number 
of studies, including on the Tibetan Plateau8, in subtropical China9, the Indian Himalaya10, North and South 
America11,12, Europe13 and Africa14.

The climatic heterogeneity and different moisture sources across southern Africa make this an excellent region 
in which to use water isotope data to track moisture source. The region is characterised by three distinct rainfall 
zones – a winter-rainfall zone driven by the southern Westerlies, which is constrained to the southwestern tip of the 
subcontinent, a year-round-rainfall zone that covers much of the southern and western coastlines of South Africa, 
and the remainder of the region characterised by convective summer rainfall.15 Total rainfall amount decreases 
from east to west across the subcontinent, influenced by the warm Agulhas Current off the east coast, and the 
cold Benguela off the west coast, and modulated by local topography.16 Synoptic shifts have been detected in 
the location of the rainfall zones over recent decades, driven by changes in moisture sources.17 These shifts, 
particularly in the winter-rainfall zone, have been implicated in the severe ‘Day Zero’ drought in Cape Town, which 
spanned 2015–2018.18 These impacts highlight the importance of monitoring moisture sources for the region, 
particularly under climate change.

Previous work has demonstrated the value of precipitation isotope data for investigating moisture source. Lekete 
and Abiye19 tracked moisture sources from a daily precipitation isotope record from Johannesburg, showing that 
the isotopic composition of discrete rainfall events was determined by rainfall source and trajectory together with 
modifications during transport, but correlation with air temperature and rainfall amount was weak. In addition, 
there are multi-decadal monthly GNIP data from two sites (Cape Town and Pretoria) in mainland South Africa, 
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and from Windhoek in Namibia.20 Additional daily or event-based 
data sets of varying timespan have been published for several other 
sites from South Africa21-23 and Namibia24-25. Harris et al.21 also found 
a weak correlation with air temperature and rainfall amount for Cape 
Town precipitation, with distinct isotopic signatures for storm, hail and 
snowfall versus other types of precipitation. Braun et al.22 noted that the 
isotopic composition of precipitation in the year-round precipitation zone 
of the South African south coast reflected complex interactions between 
temperate and tropical to subtropical air masses. Durowoju et al.23 found 
strong seasonal variations in the isotope values of precipitation from 
the Limpopo Province of South Africa, and noted that recycled moisture 
from surface water and evapotranspiration had a significant influence on 
its composition. Kaseke et al.24,25 found that the isotopic composition of 
precipitation across Namibia reflected moisture source, but also showed 
significant local modifications. Despite these studies, the geographical 
coverage of precipitation data across southern Africa remains sparse, 
particularly by international standards: for example, there are relatively 
dense networks in Europe, other parts of Africa, South America and 
parts of China.20 Additional data, from either monthly or more frequent 
sampling at strategic locations, could be invaluable in improving the 
network of data for southern Africa, to address critical meteorological, 
climatological and water-resource questions.

The collection of additional data requires an expansion of the network 
of stations at which precipitation is collected for stable isotope 
analysis, whether temporary or permanent. Devices for the collection 
of precipitation destined for stable isotope analysis must be designed to 
minimise post-collection evaporation of the water, because evaporation 
leads to enrichment of the heavy isotopes (18O and 2H) because of 
fractionation. This fractionation in turn leads to the modification of 
the original precipitation isotope ratios, rendering the data of limited 
value, particularly for the identification of moisture sources. Event-
based precipitation samples, which are generally transferred to sealed 
containers shortly after the precipitation event, are less susceptible to 
such modification, although evaporative enrichment may still occur over 
a few hours, especially in the warm, windy and low humidity conditions 
prevalent in much of southern Africa. For longer sampling intervals of 
weeks to months, prevention of evaporation is critical. Different collector 
designs have been employed to prevent or minimise evaporation.26 
However, these collectors can be expensive to purchase commercially, 
especially in studies for which collectors need to be installed in multiple 
locations, and may be impractical in situations where portability is 
required. Here, we describe the construction of a simple, relatively 

low-cost rainfall sampler for use in South Africa that uses tube dip-in 
with pressure equilibration to minimise evaporation.26 We present the 
results of the testing of this rainwater collector, confirming its efficacy 
in preventing evaporation, and thus retaining the stable isotope ratios of 
the source waters.

Rainwater collector design and construction
We adapted a design described by Gröning et al.27 by using materials 
procured locally from builders’ merchants and other hardware stores 
in South Africa, to produce a collector inexpensively (Table 1). Tube 
dip-in with pressure equilibration26 involves a collecting funnel to 
which is attached a small-diameter tube that extends to the base of a 
collection bottle. When even a small amount of rainwater is collected 
in the collecting bottle, the outlet of the collection tube is submerged, 
minimising any evaporative loss of water back out through the collecting 
funnel. An outlet from the collecting bottle allows pressure equilibration 
with the outside atmosphere; to prevent water vapour loss through this 
outlet, a long (10 m) small-diameter (5 mm internal diameter) tube is 
wound around an inner housing. A version of the above27 is now also 
available commercially (www.rainsampler.com) and used by a number 
of IAEA GNIP stations, but is relatively expensive (over ZAR3500 at the 
time of writing in September 2022) and the shipping costs to African 
countries are quite prohibitive (for example, around ZAR5800 to South 
Africa).

Our collector consists of a funnel and collecting bottle, the dip-in tube 
extending from the funnel to the bottom of the collecting bottle, an inner 
housing that surrounds the collecting bottle, and then an outer housing in 
which the entire construction sits except for the collecting funnel and 
support (Figure 1A–D). The funnel used here was a Formosa ISO9001 
Large Funnel Number 8095 with an internal diameter of 140  mm. A 
length of 4 mm internal diameter PVC aquarium tubing fixed into the 
narrow funnel tube with epoxy putty was used for the dip-in or inlet tube. 
To ensure that the inlet tube reached the bottom of the collecting vessel, 
we weighted it using three steel washers held in place with epoxy resin. 
The equilibration tube extends from the outlet in the lid of the collecting 
bottle and is wound around the inner housing to accommodate the entire 
10 m length; it was held in place with duct tape. The inner housing was 
made from underground drainage pipes used in the building trade, and 
the outer housing was a 20 L household bin with a lid and handle. The 
provision of a handle makes the entire construction easily portable, but 
as the bucket is relatively lightweight, we would recommend placing a 
heavy weight such as a brick in the base of the bin to hold it in place, 

Component Number required Cost per itema Total cost

Addis 20 L bucket and lid 1 	 159.90 	 159.90

Plastic 140 mm diameter funnel 1 	 8.90 	 8.90

Marley underground pipe PVC twin-wall push-fit double socket, 110 mm diameter 2 	 57.00 	 114.00

Marley underground pipe PVC plain stopend, 110 mm diameter 2 	 43.00 	 86.00

PVC tubing 6 mm (1 m length) 10 	 15.00 	 150.00

PVC tubing 5 mm (1 m length) 0.3 	 15.00 	 4.50

Epoxy putty, pack 1 	 55.00 	 55.00

Epoxy resinb 1 	 150.00 	 150.00

PVC-pipe adhesiveb 1 	 54.00 	 54.00

Metal washers 3 	 1.50 	 4.50

Duct tape, rollb 1 	 29.00 	 29.00

Total cost per collector 	 ZAR815.80

a Prices are in South African rand (ZAR), as of June 2022

b One item is sufficient for several collectors

Table 1:	 Components used in the rain collector construction and their cost

https://www.sajs.co.za
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especially in windy environments. The collection bottle was a recycled 
1.5 litre sparkling water bottle, which was thoroughly cleaned and dried 
before use in the rainwater collector. Two lids were used – one to house 
the collection bottle and a second to accommodate the equilibration 
tube. These were affixed to the outer housing lid and to each other using 
epoxy resin (Figure 1E). We used epoxy putty to secure the collection 
tube into the collecting funnel. The choice of components was dictated 
both by the required design and by availability in builders’ merchants and 
other hardware stores in Johannesburg, South Africa.

Testing the rainwater collector
We tested the collector prior to installation to ensure that it minimised 
the effects of evaporation. A 300 mL aliquot of Johannesburg tap water 
was placed in the collector and 300  mL tap water was placed in an 
open bottle, and both were left in a well-ventilated indoor space in 
Johannesburg, with temperatures ranging from nighttime lows of ~6 °C  
to daytime highs of ~18 °C, for one week spanning 12–18 June 2022. 
Because rain fell during that week, it was not possible to perform 
the test outdoors, as both the open bottle and the rainwater collector 
samples would have been contaminated by the isotopic signature of 
that rainfall. On the evening of 18 June 2022, water was removed from 
the collector and the open bottle and transferred to 10 mL polyethylene 
sample bottles, which were completely filled and sealed with electrical 
tape to prevent evaporation. Duplicates were collected of each sample. 
An aliquot of the same tap water collected on 12 June 2022 was also 
immediately transferred to a 10  mL polyethylene sample bottle on 
collection, and sealed, as a control. Prior to analysis, 5 mL aliquots of 
each of the three samples – tap water, rainwater collector water, and the 
open bottle water – were transferred to glass Thermo™ vials. Samples 
were then analysed for oxygen and hydrogen isotopes using a Picarro 

L2130-i Cavity RingDown Spectrometer (CRDS) at the Bloomsbury 
Environmental Isotope Facility (BEIF), University College London (UCL), 
UK. The resulting values were expressed in standard delta units, where:

​δ ‰ VSMOW = ​​(​​​ 
 Rsample 

 _ 
 Rstandard 

 ​ − 1​)​​​ × 1000​	 Equation 1

and δ is δ18O or δ2H, and correspondingly, R is 18O/16O and 2H/1H, 
and the standard VSMOW errors (1s) were determined from repeat 
measurements of each sample as well as determinations of IAEA 
standards (Table 2).

At the end of the experimental week, 280 mL of water remained in the open 
water bottle, indicating that 20 mL (or 6.7%) had evaporated. Within the 
margin of error of reading from parallax, 300 mL of water remained in the 
rainwater collector bottle, indicating negligible evaporation. These results 
align with the stable isotope analysis of these samples (Table 2), which 
for δ18O were −2.50 ± 0.10 ‰ for the tapwater control, −2.51 ± 0.11 ‰  
for water from the rain collector and −2.13 ± 0.10 ‰ for water from 
the open bottle. Corresponding values for δ2H were −10.85 ± 1.01 ‰, 
−10.94 ± 1.01 ‰ and −8.94 ± 1.01 ‰. In summary, the oxygen- and 
hydrogen-isotope signatures were almost identical, and well within error, 
for the tap water and water from the rain collector, whereas the water 
from the open bottle had undergone significant modification.

The test demonstrated convincingly that the rain collector prevented 
evaporation, given that the isotopic composition of the water held in 
the rain collector was effectively identical to the control, whereas the 
water held in the open bottle had undergone significant evaporation, as 
indicated both by its isotope composition (Figure 2) and loss of volume. 

Figure 1:	 Rain collector design. (A) Diagram of the completed collector, showing component parts. The equilibration tubing is only partially 
shown, for sake of clarity, but in reality extends around the inner tube, as shown in (D). (B) External view of collector. (C) View 
from the bottom of the inner tubing showing inlet tube: collecting bottle removed. (D) View of inner tubing with equilibration tubing, 
fixed to lid, shown inverted. (E) Detail of the bottle-lid construction.

https://www.sajs.co.za
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The test was performed for the period of one week during winter when 
humidity in Johannesburg is at its minimum. It therefore demonstrates 
the efficacy of the rainwater collector in preventing evaporation over the 
period for which sampling from these rainwater collectors is intended. 
Should the design be used for monthly sampling, a testing period of 
one month would be advised to confirm that evaporation and the effects 
thereof on fractionation are successfully prevented over a longer period.

Conclusion
We have described the construction of a low-cost, portable precipitation 
collector that prevents evaporation and is therefore suitable for 
collection of precipitation samples destined for stable isotope analysis. 
Our testing has shown that the design prevents evaporation of water 
kept in the collector for one week, our intended sampling frequency. 
We have now deployed samplers in three locations in South Africa 
(Pretoria, Bloemfontein and Cape Town) spanning two of the rainfall 
seasonality zones, and easterly and westerly derived moisture, and 
these will be emptied for isotope analysis weekly over at least the year 
from August 2022.

Additional testing would be required to confirm the suitability 
of this specific design for preventing evaporation over longer 
periods, although Gröning et al.27 repor ted that water held in their 
tube dip-in with pressure equilibration sampler underwent minimal 
evaporative loss over almost one year. Although our rain collector 
was constructed using materials procured in southern Africa, 
similar collectors could easily be constructed at low cost in other 
countries using comparable materials, although careful testing prior 
to deployment would be advisable.
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South African climate variability has been linked to changes in both the Agulhas system and external 
forcing (i.e. CO2 and ozone). We analysed future climate change in the Agulhas system volume transport 
and its associated impacts on South Africa’s precipitation using the Community Climate System Model 
version 4 as part of the Coupled Model Intercomparison Project, phase 5. Output from one historical and 
three future greenhouse gas emission scenarios were examined to project various climate storylines. 
We found that the Agulhas Current volume transport decreases across all three scenarios and that the 
current displays a strong baroclinic component with an increase in transport at the surface and decrease 
at intermediate depths. Agulhas leakage was found to increase with historical emissions. Additionally, an 
east-west dipole pattern for convective precipitation was found over South Africa, with an increase over 
the eastern region related to an increase in greenhouse gas emissions and a decrease in the western 
region linked to the location of Hadley cell edge latitude. Moving into the 21st century, future predictions 
in regional climate variability are shown to be dependent on the intensity of greenhouse gas emissions 
and are extremely important for South Africa, a region prone to drought and flooding and home to a large 
population dependent on rain-fed agriculture.

Significance:
	 •	 Future climate variability in the Agulhas system and South African region is heavily dependent on 

changes in external forcing.

	 •	 The Agulhas Current volume transport decreases as the greenhouse gas emissions continue to increase 
and a strong baroclinic component is found with an increase in transport at the surface and a decrease 
at the intermediate depths.

	 •	 A strong east-west dipole precipitation pattern is found over South Africa with the increase in the 
eastern region related to the increase in greenhouse gas emissions and the decrease in the western 
region related to the location of the Hadley cell edge latitude.

Introduction
South Africa is a region prone to precipitation changes with drought and flooding events being a common 
occurrence.1,2 Understanding the rainfall variability over South Africa is of great interest as Cape Town was one 
of the first major cities in the world to nearly run out of water in 2018 and because it is home to a significant 
population that is dependent on rain-fed agriculture. Studies have identified two regions of rainfall over South Africa: 
eastern and northern South Africa and southwest South Africa. Precipitation over eastern and northern South Africa 
primarily occurs in summer and precipitation over southwest South Africa occurs in winter.2

The precipitation pattern over eastern and northern South Africa can be explained by tropical cloud bands and 
associated convection in the region as a result of sea surface temperature (SST) anomalies.3 These warm SST 
anomalies come from the Agulhas Current which leads to the advection of moist marine air over the region.4-9 
The Agulhas Current, located off the eastern coast of South Africa, is the largest western boundary current in the 
southern hemisphere and provides moisture to the atmospheric boundary layer via latent heat fluxes which are 
projected to increase significantly over western boundary systems10-14 as the climate system warms. The SST 
of the Agulhas Current is linked to the El Niño-Southern Oscillation (ENSO), originating in the equatorial eastern 
Pacific, with El Niño correlated with drier conditions and La Niña with wetter conditions in the eastern and northern 
region.3,8,15-22

Undergoing a mechanism different from that of the precipitation in the eastern and northern region, the precipitation 
found over southwestern South Africa is driven by cold fronts associated with mid-latitude cyclones formed in the 
South Atlantic.2,20,23-26 The precipitation associated with these fronts was found to be linked to the expansion of the 
Hadley cell edge resulting in a poleward shift of these mid-latitude cyclones and low-pressure systems such that 
a post-frontal high-pressure system is located above South Africa suppressing the precipitation typically seen over 
the southwestern region.27 With the poleward shift of the low-pressure belts, the easterly winds increase and the 
precipitation is expected to decrease as the rain-bearing storms weaken and deflect poleward.28 This behaviour, 
representative of the ozone depletion period, explains the drought experienced in Cape Town in 2018 and suggests 
that as ozone recovers, wetter conditions and fewer droughts in the region can be expected.29,30 In addition to the 
mid-latitude cold fronts, it has been shown that ENSO, SST anomalies, and Agulhas leakage, the inflow of warm 
and salty water from the Indian Ocean to the Atlantic Ocean, also have an impact on the local precipitation in this 
region.2,23,26,31,32

Using the Community Climate System Model version 4 (CCSM4) simulations from the Coupled Model 
Intercomparison Project phase 5 (CMIP5) experiments33, we investigated future climate change projections in 
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the Agulhas system and regional precipitation variability in South Africa. 
Agulhas Current and Agulhas leakage transports were calculated 
and precipitation over South Africa analysed. We compared different 
emissions scenarios and three different time periods to determine the 
significance of greenhouse gas and ozone forcing in the region.

Methods
Model and climate scenarios
In this study, we analysed model output from NCAR’s CCSM4 
coupled climate model.34 The ocean model used was Parallel Ocean  
Program, version 2 (POP2) at a 1° horizontal resolution with 60 vertical 
layers. The atmosphere model in CCSM4 is Community Atmosphere 
Model, version 4 (CAM4) at a 1° horizontal resolution with 26 vertical 
layers. The monthly mean outputs were considered in this analysis.

The CCSM4 output used are from the CMIP5 archive as CCSM4 was 
not included in the more recent CMIP6 data. Data from four different 
forcing scenarios were considered: historical (pre-2006), representative 
concentration pathway 2.6 (RCP2.6), RCP4.5, and RCP8.5 (2006–
2100). The historical forcing is the 20th-century simulation using a 
combined anthropogenic and natural forcing.34 RCP2.6 is the extreme 
mitigation scenario in which emissions peak at 3.0 W/m2 in year 2050 
and then decrease to 2.6 W/m2, hence the name RCP2.6. RCP4.5 is the 
stabilisation scenario in which emissions peak at year 2075 and then 
remain constant until the end of the century where they are at 4.5 W/m2. 
And lastly, RCP8.5 is the scenario with the largest emissions, where the 
forcing increases over time and is still increasing as it reaches 8.5 W/m2 
by 2100. Following Barnes et al.35, three different RCP scenarios were 
considered to allow future climate predictions across a range of possible 
emission scenarios.

Continuing to follow Barnes et al.35, the data were split into three time 
periods: ozone depletion (OD), ozone recovery (OR), and post-ozone 

recovery (POR). The OD period (1970–2005) is mainly driven by the 
depletion of the ozone and the increase in greenhouse gas (GHG) 
emissions. The results from this period will be the same across all three 
RCPs as data from the historical run are used (i.e. observed estimates 
of atmospheric gas concentrations). In the OR period (2006–2045), the 
ozone begins to recover and the GHGs continue to increase, therefore 
the ozone and GHG forces will start to oppose each other. The changes 
that are seen during the OD period can be expected to weaken or 
reverse in the OR period. Lastly, the POR period (2046–2100) will have 
a recovered ozone, and varying GHG emissions and results from this 
period are largely driven by GHG emissions. For the RCP2.6 scenario, 
the ozone recovery is expected to continue to dominate as the GHG 
emissions decrease resulting in trends similar to those of the OR period. 
As the emissions increase slightly in RCP4.5, however, the ozone and 
GHG emissions will offset and trends similar to those of both the OD 
and OR periods can be expected. For RCP8.5, the final scenario, the 
emissions are highest and the increase in GHGs will dominate the ozone 
recovery and trends can be expected to return to those observed during 
the OD period.

Lagrangian particle tracking
An offline Lagrangian particle tracking tool called Parcels was used to 
calculate Agulhas leakage in this study. Lagrangian particle tracking is 
used to ensure that all Agulhas leakage (filaments and Agulhas Rings) 
is considered and that water crossing into the Atlantic Ocean originated 
in the Agulhas Current.36-39 Parcels (Probably a Really Computationally 
Efficient Lagrangian Simulator), is a Python Lagrangian tracking tool 
created to track passive and active tracers.40 Parcels uses linear and 
nearest-neighbour interpolation in time and space and particles are 
advected using the Runge-Kutta 4 scheme.

A cross-section of particles is released along 34°S, the latitude of the 
maximum wind stress curl over the South Indian Ocean and therefore 

Figure 1:	 Comparison between reanalysis data (ORAS5/ERA5) from 1979 to 2005 (first column) and CCSM4 historical data from 1970 to 2005 
(second column) for (a,b) the mean sea surface temperature (SST) and (c,d) convective precipitation (CP). The reanalysis data have been 
re-gridded from 0.25°×0.25° to 1°×1° to match the CCSM4 model output resolution to enable meaningful comparison.
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the location of maximum Agulhas Current transport. Each particle is 
assigned a volume transport equal to the initial release velocity multiplied 
by the grid-cell size. This cross-section of particles is released every 
month from 1960 to 2100, allowing 10 years of particle circulation 
before transport estimates are calculated. Although previous studies 
tend to release more frequently than monthly, Cheng et al.39 found 
that the temporal resolution of the velocity fields does not have much 
of an impact on the estimate of Agulhas leakage in CCSM4, with a 
difference of approximately 1 Sv (1 Sv = 1 × 106 m3/s) when comparing 
the daily fields to the monthly mean fields. A particle is considered 
Agulhas leakage so long as its initial transport is southward, and it has 
crossed the GoodHope line an odd number of times. Following previous 
studies36,37,39,41,42, the GoodHope line, a hydrographic section separating 
the Indian Ocean from the Atlantic Ocean43, is used as the boundary to 
determine Agulhas leakage. The 130-year Agulhas leakage time series is 
calculated by summing the volume transport of the leakage particles at 
their time of final crossing of the GoodHope line.

In order to build on the South African precipitation analysis and 
Lagrangian experiments found in Cheng et al.32,39, in this study we also 
used CCSM4 for consistency despite it underperforming compared to 
some of the other CMIP5 models. Cheng et al.32,39, however, used data 
from the 20th century only, and did not run any future climate analysis. 
Additionally, the emissions in Cheng et al.32 were kept constant, and 
in Cheng et al.39, only the historical forcing scenario was used. Cheng  
et al.39 validated CCSM with satellite and in situ data and found that their 
results of the Agulhas Current, retroflection, and Agulhas Return Current 
agreed with what was seen in the AVISO data.

Furthermore, SST and convective precipitation from the CCSM4 
historical data used in this study were compared to reanalysis data from 
1979 to 2005 (Figure 1). The ORAS5 SST (Figure 1a, 0.25° horizontal 
resolution re-gridded to 1°) and CCSM4 SST (Figure 1b, 1° resolution) 
agree with each other in that the strongest temperatures are found over 

the Agulhas Current as it brings warm water from the equator towards 
the poles and that there is cooler water found along the western coast 
of South Africa in the Benguela Current, a region of upwelling. The low 
resolution of CCSM4, however, does not capture the Agulhas retroflection 
and Agulhas Return Current that is seen clearly in the reanalysis data. For 
the convective precipitation, both the ERA5 (Figure 1c, 0.25° horizontal 
resolution re-gridded to 1°) and CCSM4 (Figure 1d, 1° resolution) data 
show the strongest precipitation in the eastern region of South Africa. 
But again, the low resolution of CCSM4 shows a broader, less accurate 
depiction of South African convective precipitation with the ERA5 data 
confined more to the east along the coast.

Result analysis
The five-member ensemble mean is shown for each of the CMIP5 
forcing scenarios, removing some of the interannual variability. Results 
are shown for the austral summer, December–February (DJF), where 
the largest changes are seen due to the lagged response of the SON 
stratospheric ozone signal to reach the lower troposphere.29,44 All time 
series were smoothed using a 10-year moving average filter with a time 
step of one year as in Barnes et al.35 The difference in the trends of the 
unsmoothed and smoothed time series is insignificant. And lastly, all 
trends and linear regression maps were calculated using linear least-
squares regression with all significant results shown within the 95% 
confidence interval.

Results and discussion
Agulhas Current and Agulhas leakage
The Agulhas Current volume transport is calculated across 34°S and 
a mean volume transport of 65 Sv is found for the ozone depletion 
period compared to the observed transport of 77 Sv45, a reasonable 
transport estimate for a low-resolution model that does not capture 

Figure 2:	 (a) Time series of the Agulhas Current (AC) volume transport and (b) Agulhas leakage (AL) volume transport. Results for historical 
(black), RCP2.6 (blue), RCP4.5 (green), and RCP8.5 (red) are shown. Trends for each period are shown with those within the 95% 
confidence interval marked with an asterisk (*).
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the mesoscale features of the current. The Agulhas Current volume 
transport is found to be decreasing through time across all three RCPs 
(Figure 2a) with a 5 Sv decrease in RCP2.6 and 10 Sv decrease in 
RCP8.5. Although the transport saturates near 2050, right after the 
POR period begins, with all three RCPs converging on similar transport 
values, the downward trend continues to the end of the century in 
RCP8.5 (Figure 2a, red line). In RCP2.6, however, the transport 
begins to increase at the tail end of the century (Figure 2a, blue line), 
demonstrating a slight lag in the response of the ocean to the decrease 
in emissions in the atmosphere.

The vertical structure of the Agulhas Current is found to have a baroclinic 
component in the water column (Figure 3), with a speed up found at the 
surface in the upper layer (> 500 m) and a slowdown at intermediate 
depths (500–1500 m). For the ozone recovery minus ozone depletion 
(OR-OD) period, there is not much difference between the three RCPs 
(Figure 3a–c) with a slight intensification found in the core of the current 
in the upper 100 m and a weakening seen throughout the rest of the 
water column resulting in the overall decrease in volume transport. In 
POR-OR, however, the vertical structure is different across all RCPs with 
RCP2.6 showing an increase in transport in the upper 500 m (Figure 3d),  
likely leading to the increase in transport seen at the end of the century 
(Figure 2a, blue line), and RCP8.5 showing a strong decrease in poleward 
transport at the intermediate depths (Figure 3f), resulting in the decrease 
in transport observed (Figure 2a, red line). The baroclinicity found in 
the Agulhas Current is similar to that found in the Kuroshio Current by 
Chen et al.46, who used the historical and RCP4.5 simulations of CMIP5. 
Chen et al.46 discuss that the baroclinicity found may be a result of the 
stronger stratification and downward heat mixing47 within the vertical 
water column that leads to a weakening of the subtropical gyre in the 
lower thermocline47,48 and therefore a slowdown at greater depths.

The Agulhas leakage volume transport was calculated across all three 
RCPs (Figure 2b) following the method explained above. A mean 
transport of 36 Sv was found for the ozone depletion period – a better 
estimate than the 43 Sv calculated using the same low-resolution 

model with identical historical forcing38 and 15 Sv more than the 
observed transport of 21 Sv.49 During the ozone depletion period, there 
is a clear increase in Agulhas leakage transport over time (Figure 2b), 
in agreement with previous literature showing an increase in Agulhas 
leakage transport with anthropogenic climate change.36,50 After the ozone 
depletion period, however, there is a strong weakening of the trend seen 
across all three RCPs through the end of the century, with little overall 
change in transport and with only RCP8.5 showing significant changes 
in leakage as a result of the extreme increase in emissions. Similar to 
that seen in the Agulhas Current transports, there is a convergence in 
leakage transport found near 2050, just as the changes in emissions 
begin to vary the most across the three RCPs. The Agulhas leakage 
transport trends are noticeably noisier compared to the Agulhas Current 
transports (Figure 2a), which were found to be more robust according 
to the significance test.

Correlation coefficients between the Agulhas Current and Agulhas 
leakage transport were found to be significant, with values of −0.76, 
−0.78, and −0.75 for RCP2.6, RCP4.5, and RCP8.5, respectively. This 
relationship is compared to the results from Van Sebille et al.37, who used 
a high-resolution ocean model, and therefore found lower, more accurate 
values of Agulhas leakage and a correlation coefficient of −0.67. The 
Agulhas Current and Agulhas leakage are inversely related with a 
decrease (increase) in Agulhas Current associated with an increase 
(decrease) in Agulhas leakage. Looking at the volume transport from the 
ozone depletion period only, a correlation coefficient of −0.92 is found, 
showing a robust relationship for this period.

South Africa precipitation
A clear east-west dipole pattern of convective precipitation is found in 
both the OR-OD and POR-OR maps (Figure 4). Similar to the vertical 
structure of the Agulhas Current (Figure 3), there is not much difference 
across the three RCPs for convective precipitation in the OR-OD maps 
(Figure 4a–c) with an increase (decrease) of approximately a quarter of a 
millimetre per day over the eastern (western) region of South Africa. The 

Figure 3:	 The Agulhas Current cross-sectional volume transport across 34°S showing the differences between the OR-OD periods (a–c) and POR-OR 
periods (d–f). Results for RCP2.6, RCP4.5, and RCP8.5 are shown in the first, second, and third rows, respectively.
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results for POR-OR (Figure 4d–f), however, vary for each RCP scenario, 
highlighting the importance of the different emission levels. In RCP2.6 
(Figure 4d), there is little change in convective precipitation seen in both 
the eastern and western regions of South Africa. RCP4.5 (Figure 4e) 
shows an increase of about half a millimetre per day in the eastern region 
and not much change in the western region. Lastly, RCP8.5 (Figure 4f) 
shows the most drastic change in convective precipitation in the two 
regions, with nearly an increase of one millimetre per day in the eastern 
region, roughly four times the rate seen in OR-OD (Figure 4c), and a 
decrease of almost half a millimetre per day in the western region, nearly 
double the amount of OR-OD (Figure 4c).

The total convective precipitation was calculated over the eastern (Figure 4a,  
blue-green box) and western (Figure 4a, brown box) regions and, overall, 
it is clear that there is more precipitation over eastern South Africa than 
western South Africa per day (Figure 5). The convective precipitation 
rates for the eastern box (EB) are seen to be increasing throughout all 
three periods (Figure 5; EB curves) with similar values of precipitation 
observed for all three RCPs until 2050. Then the largest and significant 
increase is seen during the POR period for RCP8.5 (Figure 5; red line), 
suggesting once more that the increased emissions in this RCP have 
a significant impact on regional precipitation in South Africa, whereas 
with the recovery of the ozone and the stabilisation of GHGs, trends in 
RCP2.6 and RCP4.5 weaken (Figure 5; blue and green lines). Opposite 
and weaker trends can be found in the western box (Figure 5; WB curves) 
with a decrease in convective precipitation seen throughout most of the 
century with the exception of RCP2.6 in the POR period (Figure 5; blue 
line) where an increase in precipitation can be found towards the tail end 
of the century, likely correlating with an equatorward shift of the Hadley 
cell and storm tracks. The largest decrease is seen in RCP8.5 (Figure 5; 
red line), especially in the last 20 years of the century as the emissions 
continue to increase and cause a poleward expansion of the Hadley cell 
and frontal systems. Additionally, RCP8.5 is the only one of the RCPs to 
show a significant trend after the historical period ends.

As discussed previously, the convective precipitation over eastern 
South Africa is known to exhibit a strong correlation with warm SSTs 
in the Agulhas Current. This relationship likely explains the increased 
precipitation found over eastern South Africa, especially during the POR 
period in RCP8.5 when emission levels are highest. The convective 
precipitation over western South Africa, however, is related to the location 
of the Hadley cell edge. Additionally, the east-west dipole precipitation 
pattern found over South Africa is associated with the increase in 
easterly winds linked to the poleward shift of the frontal systems.

SST and moisture flux
A clear relationship was found between SSTs in the Agulhas system and 
the moisture advected over eastern South Africa (Figure 6). Consistent 
with the previous maps, there is not much difference observed in SST 
and moisture flux (u*q and v*q) for the OR-OD period (Figure 6a–c) as 
there is very little change in emissions. Throughout the Agulhas system 
there is warming of 1 °C and moisture is advected downstream of the 
Agulhas Current and over the Agulhas bank and leakage corridor, forming 
a cyclonic low-pressure system over South Africa. This loss of heat 
from the ocean to the atmospheric boundary layer and cyclonic system 
results in the increase in convective precipitation observed in eastern 
South Africa (Figure 4a–c) and is consistent with findings in previous 
studies.4-9 For RCP2.6 (Figure 4d) in the POR-OR period, however, there 
is almost no change in SST or moisture flux with there being very weak 
cyclonic motion as the emissions decrease. RCP4.5 (Figure 4e) shows 
a result similar to what was seen during the OR-OD period with the 
emissions stabilising and remaining constant. RCP8.5 (Figure 6f), with 
the greatest increase in emissions, shows the most extreme response 
in both SSTs and moisture flux. There is a continued increase in SSTs 
of nearly 2 °C everywhere and a significant increase in the moisture flux 
strength resulting in a large air–sea heat/moisture exchange. Therefore 
the formation of the intense cyclonic low-pressure system observed 
leads to a considerable increase in convective precipitation (Figure 4f).

Figure 4:	 The convective precipitation across 34°S showing the differences between the OR-OD periods (a–c) and POR-OR periods (d–f). Results for 
RCP2.6, RCP4.5, and RCP8.5 are shown in the first, second, and third rows, respectively. The eastern box (EB) response is shown in blue-
green and the western box (WB) in brown.
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Figure 5:	 Time series of the mean convective precipitation in the eastern box (EB) and the western box (WB) for historical (black), RCP2.6 (blue), RCP4.5 
(green), and RCP8.5 (red).

Figure 6:	 The sea surface temperature (°C) and moisture flux (vectors) showing the differences between the OR-OD periods (a–c) and POR-OR 
periods (d–f). Results for RCP2.6, RCP4.5, and RCP8.5 are shown in the first, second, and third rows, respectively.
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Hadley cell
The latitude of the Hadley cell edge and storm tracks plays a large role in 
precipitation over western South Africa, with a poleward shift associated 
with a decrease in precipitation and an equatorward shift linked to an 
increased rate. The location of the Hadley cell is controlled by both 
the ozone and GHGs with ozone depletion and an increase in GHGs 
contributing to the poleward shift and ozone recovery and decrease 
of GHGs resulting in an equatorward shift. Following previous studies, 
the Hadley cell edge is defined as the latitude of the zonal mean of the 
meridional mass stream function where the stream function is equal 
to zero at 500 hPa.51-56 The meridional mass stream function, ψ, is 
calculated by:

​ψ(ϕ, p ) = ​ 
2 π a cosϕ _ g  ​ ​∫ 

0
​ p​ v​ dp,​​

where ϕ is the latitude, p is pressure, a is the radius of the earth, g is the 
gravitational acceleration, and v is the meridional wind.

During the OD period, there is a significant poleward expansion of the 
Hadley cell edge of roughly 1° (Figure 7a, black line). This trend is 
weakened across all three RCP scenarios as the ozone recovers, with an 
equatorward shift shown in RCP2.6 that continues into the POR period 
(Figure 7a, blue line). Similar to previous results, after the mid-century, 
there is a sharp increase in the equatorward trend for RCP2.6 that is 
followed by a stabilisation over the last few decades of the century, 
resulting in little change in the position of the Hadley cell edge. This 
trend matches that seen for the convective precipitation in the western 
box for RCP2.6. With the equatorward shift of the Hadley cell edge and 
the return of mid-latitude cyclones and cold fronts, there is an increase 
in the associated precipitation in this region. RCP4.5 also shows very 
little change in the latitudinal position of the Hadley cell edge during this 
period, indicating once more that the ozone and GHG forcing cancel 
each other out in this scenario (Figure 7a, green line), in agreement with 
the western box precipitation for RCP4.5. Lastly, there is a poleward 
expansion of the Hadley cell edge for RCP8.5 that continues through the 
end of the century (Figure 7a, red line). Overall, a 2° poleward expansion 
of the Hadley cell edge is discovered in the RCP8.5 scenario with half 
of that expansion occurring in the first 35 years during the OD period. 

The poleward shift of the Hadley cell edge and high-pressure systems 
is linked to a suppression of precipitation over western South Africa and 
the decrease in convective precipitation found. The different trends seen 
during the POR period across each RCP scenario for the Hadley cell 
edge latitude were found to be significant and continue to highlight the 
importance of the different emissions scenarios.

The overall strength and expansion of the Hadley cell varies with 
each emission scenario(Figure 7b,c). The difference between the late 
era (2080–2100) and early era (1970–1990) of the meridional mass 
stream function at all levels in the atmosphere is shown in Figure 7. 
These periods were selected to show the extreme changes found in the 
Hadley cell circulation. There is very little difference found in the Hadley 
cell strength in RCP2.6 (Figure 7b). RCP4.5 (Figure 7c) shows a slight 
increase and expansion in the overturning circulation, but the greatest 
change is seen in RCP8.5 once again. There is an increase in the Hadley 
cell strength in RCP8.5 (Figure 7d) of over three times the circulation 
seen in the other RCP scenarios, as well as an overall expansion of 
the cell observed. Previous studies have shown that these patterns 
typical accompany the poleward shift in Hadley cell edge as the climate 
warms51-56, with the expansion caused by an increase in the subtropical 
static stability which pushes the baroclinic instability zone and frontal 
systems poleward, therefore leading to the formation of high-pressure 
systems and less precipitation over western South Africa.27,52

Conclusions
Three different emission scenarios (RCP2.6, RCP4.5, and RCP8.5)  
were examined to understand the influence of varying GHG emissions in 
future climate prediction. The data were split into three different periods: 
ozone depletion (1970–2005), ozone recovery (2006–2045), and post-
ozone recovery (2046–2100).

Both the Agulhas Current and Agulhas leakage volume transports were 
calculated as they have been shown to be linked to precipitation changes 
over South Africa. The Agulhas Current was found to decrease with 
time across all three RCPs, with the most change seen in RCP8.5. A 
baroclinic component was seen with a speed up in the upper layer and 
slowdown in the intermediate layer, resulting in an overall decrease in 
volume transport. The Agulhas leakage volume transport did not show 
a clear trend throughout time, but rather a strong increase in the ozone 

Figure 7:	 (a) Time series of the Hadley cell edge latitude. (b–d) The difference in the zonal mean of the meridional mass stream function between the last 
20 years and first 20 years (2080–2100 minus 1970–1990) for (b) RCP2.6, (c) RCP4.5, and (d) RCP8.5. The contour interval is 0.2 × 1010 
kg/s.
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depletion period followed by a stabilisation of transport through the end 
of the century. The increase in the ozone depletion period is associated 
with anthropogenic climate change.

An increase in convective precipitation was found over the eastern region 
of South Africa across all RCPs with a significant increase during the 
post-ozone recovery period of RCP8.5. The precipitation in this region is 
linked to the warm SSTs in the Agulhas Current and the cyclonic motion 
found over South Africa, hence the strong trend found during the post-
ozone recovery period for RCP8.5 when there is the greatest increase in 
temperature in the current and loss of heat to the atmosphere, leading to 
strong moist air being advected over land. The opposite pattern was seen 
over western South Africa with a decrease in convective precipitation. 
The precipitation in the western region is related to the position of the 
Hadley cell, indicating that the external forcing is the main driver behind 
this change. In RCP2.6, during the post-ozone recovery period, there 
was an increase in precipitation over the western region likely due to the 
ozone recovery causing an equatorward shift of the Hadley cell edge and a 
decrease seen during RCP8.5 due to the poleward shift and strengthening 
of meridional circulation caused by increased GHGs.

To summarise, when the GHG emissions are not increasing at an 
alarming rate (RCP2.6), it is found that the ozone recovery dictates the 
climate response in the Agulhas system and South Africa. But when 
the GHGs are increasing significantly throughout the 21st century 
(RCP8.5), the ozone recovery signal is overpowered by the GHG forcing 
and trends similar to those of the ozone depletion period are witnessed. 
Future climate change prediction in the Agulhas system and South 
Africa precipitation will be heavily dependent on the severity of the GHG 
emission levels moving forward.
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Rural landscapes in South Africa experience high conversion rates due to intense land use; however, the 
changes are site specific and depend on the socio-economic and political history of the area. Land cover 
change (LCC) was assessed in response to socio-economic and political factors in uThukela Municipal 
District, KwaZulu-Natal, using Landsat imagery from 1984 to 2014, while making comparisons to other 
studies in South Africa. Socio-economic/political data were used to gain insights into the observed LCC 
patterns. Land cover was classified using a random forest classifier, and accuracies ranging from 87% to 
92% were achieved. Systematic and intensity analysis methods were used to describe patterns, rates, and 
transitions of LCC in Imbabazane (ILM) and Okhahlamba (OLM) local municipalities. The results showed 
a reduced rate of change intensity from 3.4% to 0.9% in ILM and from 3.1% to 1.1% in OLM between 
1984 and 2014. Grassland was persistent, covering over 70% in both local municipalities between 1984 
and 2014. Although persistent, grassland experienced respective losses of 3.7% and 14.3% in both 
observation periods in ILM and of 10.2% and 13.3% in OLM. During the analysis period, settlements and 
cropland gained actively in both local municipalities. The changes represent a degree of population, local 
authority, and people’s perception as influencers of land use and LCC. It is therefore argued that socio-
economic and political changes can potentially influence land use and LCC; however, natural ecosystems 
can persist under those conditions, and this requires more research efforts.

Significance:
This study contributes towards a growing knowledge and understanding of land cover change studies in 
marginalised landscapes in South Africa. The findings enforce the notion that natural vegetation systems 
can be altered by human-induced land use such as expansion of settlement and commercial agricultural. We 
show that in recent times there has been a decline in the overall rate of land cover conversion, and a high 
persistence of grassland amid global change, although the quality of the vegetation needs further research. 
We argue that the changes observed in marginalised landscapes are potentially driven by socio-economic 
and political dynamics.

Introduction
In marginalised rural areas, provisioning ecosystem services are crucial to the livelihoods of local communities.1,2 
Natural resource extraction and use result in land use and land cover change over time. Studies have documented 
the impacts of human-induced land use and land cover change in various landscapes around the world.3-12 Various 
authors have concluded that intense natural resource harvesting, such as fuelwood collection, can cause an 
ecological crisis.13,14 Although these conclusions were made, no reports of ecological crises have been made 
in South African landscapes due to the persistence of natural resources resulting from regulated use by local 
communities. For example, woody vegetation was persistent in Bushbuckridge, and this was attributed to coppicing 
and fast regeneration of harvested trees15,16, while in Zimbabwe, human response to resource scarcity was the 
driver of ecosystem resilience17. Although the ecosystems show resilience, ecosystem service loss remains a 
concern in rural areas amidst intense land use and land cover change.

Land use and land cover change are regarded as major drivers of biodiversity and ecosystem loss in the world18 
and lead to changes in biogeochemical cycles, increased climatic variability19 and ecosystem services loss. In rural 
communities where reliance and demand on natural resources is high, socio-economic and political factors play a 
role in maintaining key ecosystem services such as provisioning of fuel wood.19,20,21 Ecosystem services loss can 
lead to a change in livelihood strategies and force local communities to shift towards non-land-based strategies. 
This shift is defined by Cumming et al.22 as a green-red loop. Green-loop systems depend on ecosystem services 
from the environment, while red-loop systems obtain basic needs from the markets.22 Land cover change over time 
can be used to infer ecosystem service loss due to natural land cover loss.23,24

There are multiple causes of land cover change in Africa (including South Africa), such as climate and land use 
change; however, socio-political and economic dynamics are also crucial drivers for shaping pattern and processes 
of land cover change given the colonial history of the continent.4,25 Indigenous communities across the continent 
have been marginalised, and rural populations, therefore, depend on natural resources to sustain and diversify their 
livelihoods.1,26,27 In South Africa, marginalised communities were forced onto communal lands, commonly known 
as Bantustans. Bantustans were a result of the Bantu Act of 1951, which saw different ethnic groups separated 
into ten homelands in South Africa.28 Bantustan areas were, and still are, less productive and less developed 
than surrounding landscapes,but are relied on heavily by local people for non-timber forest products to support 
livelihoods. These landscapes are thus subjected to intense resource extraction resulting in rapid land use change 
from natural vegetation to anthropogenic land covers8,9,29-32, which may lead to ecological processes such as land 
degradation, habitat fragmentation and biodiversity loss. To a greater extent, areas outside Bantustans – such as 
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commercial farms, urban spaces and mining areas – also experience 
rapid land use and land cover change. Land use change also results 
in loss of ecosystem services, leading to a socio-ecological system 
transition from a green-loop to red-loop. Long-term land cover change 
studies provide insights that can help to unpack socio-ecological system 
feedback mechanisms (e.g. green-loop or red-loop22) in rural areas.

Few studies have assessed land cover change and its drivers in KwaZulu-
Natal. From the few studies that were conducted, the analysis was done 
over a broader spatial and short temporal scale33, or the areas of interest 
were outside the former Bantustan area10. Moreover, the influence of 
socio-economic and political factors on land use and cover change have 
been understudied in uThukela Municipal District. The landscapes in 
uThukela Municipal District (KwaZulu-Natal) are a mosaic of natural and 
anthropogenic land cover. Parts of uThukela Municipal District are within 
the boundaries of the former KwaZulu Bantustan, resulting in a diverse 
landscape of social, political, and ecological systems.28 uThukela 
Municipal District provides a good opportunity to assess patterns of 
land cover change in a landscape that has a diverse range of land use 
activities and socio-economic and political history. The information 
obtained from land cover change analysis will expand on the existing 
knowledge of human-induced land cover change patterns in rural South 
Africa. Furthermore, land cover change analysis will provide insights 
on how people shape the landscape around them, which is important 
to integrate into landscape ecology and socio-ecological systems 
framework.

This study was therefore aimed at understanding the influence of 
socio-economic and political changes on the patterns of land cover 
change in uThukela Municipal District, KwaZulu-Natal, South Africa. 
This was achieved by mapping land cover over a 30-year period in 
uThukela Municipal District and the use of socio-economic data. Using 
systematic and intensity analysis, the following were determined: (1) 
the dominant land cover in the landscape over time, (2) the intensity 
of change over time, (3) the intensity of gain/loss per land cover class 
and (4) the transition of categories in the landscape. Furthermore, 
the observed patterns of land cover change were described based on 
people’s perception of the landscape around them and how changes 
in socio-economic and political factors influence land cover change 
and the function of the landscape to provide ecosystem services in 
marginalised landscapes.

Materials and methods
Study area
The study was conducted in uThukela Municipal District, KwaZulu-Natal, 
South Africa (Figure 1). Two local municipalities (i.e. Okhahlamba (OLM) 
and Imbabazane (ILM)) were selected as case studies for land cover change 
analysis. The two local municipalities consist of areas that are inside and 
outside of the boundaries of the Bantustan (KwaZulu), resulting in a complex 
socio-ecological system. The two local municipalities further house various 
land use activities such as large-scale crop farming, agroforestry, and 
protected areas, which result in a heterogeneous landscape. Okhahlamba 
and Imbabazane local municipalities are both Drakensberg, and sub-
escarpment grassland dominated landscapes, with little woody vegetation. 
The two grassland bioregions receive an annual precipitation of 732 mm 
and 763 mm, respectively.34

Imbabazane local municipality was merged with uMtshezi local 
municipality in August 2016 to form Inkosi Langalibalele local 
municipality. However, for this study,  Imbabazane local municipality 
boundaries were used to match the 2014 observation point of this study 
(before merging). Okhahlamba and Imbabazane local municipalities 
had population sizes of 132 068 and 113 073, respectively, in 2011.35 
Unemployment remains high at  43.4% and 48.6% in OLM and ILM, 
respectively.35 Black people dominate these areas, with Zulu being the 
primary spoken language. Land tenure is administered by the Ingonyama 
Trust and local authorities govern the use of the landscapes.

Remote sensing data

Image acquisition
Landsat imagery was used to map land cover in OLM and ILM. Winter (August) 
images were used as they have low atmospheric noise (such as clouds) that 
may obscure the earth surface. The images were obtained from the USGS 
website36, with geometric corrections already performed on these images. 
Images for path 168 and row 80 were obtained as they cover the study areas 
in one scene. Three observation points were chosen – 1984, 1991 (Landsat 
4-5 TM), and 2014 (Landsat 8 OLI) – and images that correspond to the 
observation points were obtained. The three observation points were chosen 
to assess land cover in the early stages of municipal development, giving a 
baseline land cover (1984), development that might have been impacted 
by apartheid laws (1991), and development post-apartheid (2014). While 

Figure 1:	 The location of Okhahlamba and Imbabazane local municipalities, and KwaZulu former apartheid homeland 
in KwaZulu-Natal, South Africa.
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the socio-economic and political factors would not have been the only 
drivers of land cover change, factors such as topography and climate would 
have remained constant, with the predominant driving influences of change 
being socio-economic/political. The selected observation points allow for 
analysing the influence of socio-economic and political factors on land use/
land cover change in marginalised landscapes of South Africa.

Image pre-processing
Although the acquired images had negligible cloud interference, image pre-
processing of the Landsat images was conducted prior to classification. 
Radiometric correction followed by atmospheric correction (using the 
FLAASH tool) was done in ENVI v5.3 to remove all the noise that might 
have resulted due to atmospheric interference from clouds.

Land cover classification
The classification system by Thompson37 was revised and used to define 
land cover categories in this study (Table 1). Random forest classification 
was used to classify the pixels on the image using R studio v1.1.456 (Raster, 
rgdal, caret, e1071 and RandomForest packages were used). A minimum 
of 50 points per class were used to train the random forest classifier model. 
The output pixelated classified image was then scripted into QGIS v2.18 to 
classify the different land cover categories by pixel value. Any misclassified 
pixels were manually assigned to the correct land cover type.

Accuracy assessment was conducted using a combination of aerial 
photographs, Google Earth, and ground truthing during site visits in 
January 2019. A minimum of 50 points per land cover category were 
used for accuracy assessment. The overall accuracy of the classified 
images ranged from 87% to 90% (Supplementary table A1). User and 
producer accuracy assessment was also calculated for the individual 
classes using contingency tables (Supplementary tables A2 and A3).

Land cover change analysis
Protected areas were removed from the analysed images of the two 
local municipalities in uThukela Municipal District to avoid skewing the 
data towards high persistence of natural land cover categories. The area 
removed covered 515 km2 (13%) in OLM and 405 km2 (29%) in ILM.

Land cover change was analysed using transition matrix and intensity 
analysis which uses statistical methods to depict the patterns of land cover 
change over time.38,39 The detailed description of these methods is explained 
in the mentioned references and  thus will not be repeated; however, the 
equations and cross-tabulation template used in this paper are attached as 
supplementary information (Appendix B). Intensity analysis considers the size 

of each class and accounts for the number of years in each time interval; thus, 
the gap between observation points does not affect the analysis process. This 
method further analyses the data in three levels. The first level is the interval 
level, which analyses the overall change in the landscape against a uniform 
change. The change can be categorised as fast or slow compared to the 
uniform change. The second level is the category level, which assesses the 
intensity of gain and loss for each land cover category. Gain or loss intensity 
can be categorised as active or dormant against a uniform intensity. The 
third level is the transitional level, which analyses the transition of each land 
cover category from one class to the other and depicts whether a category 
was targeted or avoided during the changes in the landscape for a particular 
period. The intensity analysis was performed using the IntensityAnalysis03 
Excel software.40

Socio-economic and political data
Socio-economic and political data were used to further the understanding 
of factors influencing patterns in land cover change. Socio-economic 
data were  obtained from Statistics South Africa (Stats SA) and 
household interviews were used to gain insight into people’s perception 
of the changes in the case study municipalities. Data on population 
sizes were  used to account for the population change of the entire 
municipality. Household surveys in the form of questionnaires (open-
ended questions) were used to collect socio-economic data during site 
visits (January 2019). A total of 30 households (n=30) were interviewed 
per municipality, resulting in a total of 60 participant households. The 
interviews were targeted at people who had resided in the area for at 
least 30 years to provide a general overview of the land use and land 
cover change over time. A referral approach was used, in which a 
member of the tribal authority was appointed to assist in identifying 
the participants in the area. Even though a referral approach may be 
biased towards people with whom  the appointed member has good 
relations, the interviews conducted still reflected the perceptions of the 
local people residing in the area. The questions asked revolved around 
people’s perception of the landscape integrity (degraded or not) and the 
role of the local authority regarding land use and tenure.Ethical clearance 
for the study was granted by the University of the Witwatersrand’s 
Human Research Ethics Committee (reference number H180623).

The analysis of the household surveys data was done using a thematic 
approach in which responses were grouped into themes. This approach 
was used to have numerical proportion of response that can be visually 
presented in the form of a graph. The analysis of the data was performed 
in Microsoft Excel v.2112.

Results
Land cover
The land cover maps generated for ILM and OLM showed that grassland 
was the dominant land cover category (Figures 2 and 3), covering 75.5%, 
88.7% and 79.5% over the analysis periods in ILM (Figure 4a). In OLM, 
grassland covered 84.8%, 83.6% and 78.4% over the analysis period 
(Figure 4b). Commercial farming represented by irrigated croplands was 
prominent in OLM (2.4% in 2014) compared to ILM (0.4% in 2014); 
however, the category showed an increasing trend in percentage cover 
in both local municipalities (Figure 4).

Systematic pattern of land cover change
The landscape in ILM experienced a total change of 23.7% between 
1984 and 1991 and 21.4% between 1991 and 2014 (Table 2). Swapping 
contributed a total of 9.1% to the total change between 1984 and 1991 and 
12.4% between 1991 and 2014. Between 1984 and 1991, cropland and 
settlement transformed 0.3% and 0.1% of grassland, respectively; however, 
grassland persistence (62.3%) remained high (Supplementary table C1). 
Between 1991 and 2014, 1.9% and 0.3% of grassland was transformed to 
settlement and cropland, respectively, indicating settlement and agricultural 
expansion (Supplementary table C2). In OLM, a total change of 21.7% 
(1984–1991) and 24.5% (1991–2014) was experienced (Table 3).  
Swapping contributed 18.2% between 1984 and 1991, and 17.3% 
between 1991 and 2014. Between 1984 and 1991, 0.2% of grassland was 
transformed to settlement and 0.6% to cropland. Grassland persistence 
(69.9%) remained high during this period (Supplementary table C3). 

Land cover 
type

Brief description

Shrubland
Woodlands that are disturbed, some evidence of fuelwood 
harvest sites and high coppice growth

Plantation Planted forests for wood production/timber

Grassland Areas dominated by grasses and other herbaceous vegetation

Fallow
Abandoned fields, characterised by secondary grassland, 
including crop fields that are left unplanted for regeneration 
purposes

Other
Land cover that is not classified in any of the selected land cover 
types, e.g. roads

Cropland Cultivated fields, including commercial and subsistence farms

Settlement
Structures associated with human habitation, i.e. homesteads 
and yards

Bare Patches of land that are not covered by vegetation

Water body River, dam and any other water body

Adopted and modified from Thompson37

Table 1:	 Land cover classification system derived from the South 
African National Land Cover Classification System 
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Figure 2:	 Land cover maps for the three observation time points in Imbabazane local municipality, KwaZulu-Natal, South Africa. 
The solid grey areas on the map show the boundaries of the area that is covered by protected areas.

Figure 3:	 Land cover maps for the three observation time points in Okhahlamba local municipality, KwaZulu-Natal, South Africa. 
The solid grey areas on the map show the boundaries of the area that is covered by protected areas.
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a b

Figure 4:	 Percentage contribution of each land cover category in the landscapes of (a) Imbabazane and (b) Okhahlamba local municipalities, KwaZulu-Natal, 
South Africa.

1984–1991 1991–2014

Land cover Gain Loss
Total 

change
Swap

Absolute value of 
net change

Gain Loss
Total 

change
Swap

Absolute value of  
net change

Shrubland 2.4 0.8 3.2 1.6 1.6 0.8 2.6 3.4 1.5 1.9

Plantation 0.0 0.2 0.2 0.1 0.1 0.6 0.1 0.7 0.1 0.6

Grassland 9.2 10.2 19.4 18.5 0.9 8.0 13.3 21.3 16.0 5.3

Fallow 3.7 2.3 6.1 4.7 1.4 6.1 2.2 8.3 4.4 3.9

Other 1.5 3.4 5.0 3.1 1.9 4.8 1.4 6.2 2.9 3.3

Cropland 1.0 0.8 1.8 1.5 0.2 1.9 1.0 2.9 2.0 0.9

Settlement 0.2 0.1 0.3 0.3 0.1 0.5 0.2 0.7 0.3 0.3

Bare 3.1 3.7 6.8 6.3 0.6 1.4 3.3 4.7 6.6 -1.9

Water body 0.4 0.2 0.6 0.3 0.2 0.4 0.3 0.7 0.6 0.1

Total 21.7 21.7 21.7 18.2 3.5 24.5 24.5 24.5 17.3 7.2

Table 3:	 Summary table showing the total changes (%) in Okhahlamba local municipality landscape between 1984 and 1991 and between 1991 and 2014

1984–1991 1991–2014

Land cover Gain Loss
total  

change
Swap

Absolute value of 
net change

Gain Loss
total  

change
Swap

Absolute value of 
net change

Shrubland 1.,0 1.8 2.8 2.0 0.8 2.1 1.0 3.0 1.9 1.1

Plantation 0.4 1.1 1.6 0.9 0.7 2.0 1.2 3.1 2.3 0.8

Grassland 17.6 3.7 21.3 7.4 13.9 5.3 14.3 19.5 10.6 9.0

Fallow 1.0 1.8 2.8 2.1 0.7 2.2 0.7 2.9 1.4 1.5

Other 1.6 8.5 10.1 3.1 7.0 2.5 1.8 4.3 3.7 0.6

Cropland 0.2 0.0 0.2 0.0 0.2 0.3 0.1 0.5 0.2 0.2

Settlement 0.7 0.2 0.8 0.3 0.5 2.1 0.5 2.6 1.1 1.5

Bare 1.1 6.5 7.6 2.2 5.5 4.8 1.8 6.5 3.5 3.0

Water body 0.1 0.0 0.1 0.1 0.0 0.2 0.0 0.3 0.1 0.2

total 23.7 23.7 23.7 9.1 14.6 21.4 21.4 21.4 12.4 9.0

table 2: Summary table showing the total changes (%) in Imbabazane local municipality landscape between 1984 and 1991 and between 1991 and 2014
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Between 1991 and 2014, cropland transformed 1.3% of grassland while 
settlement transformed 0.3% of this land cover (Supplementary table C4).

Intensity analysis

Interval level

In ILM, the uniform change was 1.5% and the calculated intensity of 
change at interval level was 3.4% (1984–1991) and 0.9% (1991–2014), 
indicating a fast change between 1984 and 1991 (Figure 5a). In OLM, 
the uniform change was also 1.5% and calculated intensity of change 
was 3.1% (1984–1991) and 1.1% (1991–2014), indicating a fast 
change between 1984 and 1991 (Figure 5b).

Category level
The category level analysis showed similar patterns of gains and loss for 
both local municipalities. The uniform intensity of gain/loss was 3.4% 
(1984–1991) and 0.9% (1991–2014) in ILM. All land cover categories, 
except for grassland, gained actively for both time periods (Figure 6). 
Settlement and grassland loss was dormant in both time periods, while 
the other land cover categories showed active loss. Cropland gain/loss 
intensity was active in both time periods, even though this land cover 
category covered a small portion of the landscape.

In OLM, the uniform intensity of gain/loss was 3.1% (1984–1991) and 
1.1% (1991–2014). Grassland gain/loss was dormant for both time 
periods against the uniform intensity (Figure 7). Settlement gain/loss 
was active against the uniform intensity for both time periods (Figure 
7b). Cropland gain/loss was active for both time periods. The other land 

cover categories’  gain/loss intensity was active against the uniform 
intensity for both time periods, except for ‘Water body’ which was 
dormant between 1984 and 1991.

Transition level
The analysis in ILM showed that grassland was mainly transitioned to 
cropland and fallow between 1984 and 1991 (Supplementary table D1),  
and cropland only between 1991 and 2014. Settlement encroached 
into bare areas during this period, while cropland encroached into 
fallow and ‘other’. Cropland was changed to fallow during both time 
periods, indicating large-scale rotational farming amongst different 
crop fields.

In OLM, grassland was mainly transitioned to bare, shrubland, fallow 
and ‘other’ between 1984 and 1991 (Supplementary table D2). Cropland 
encroached into fallow, bare, ‘other’ and plantation for the same period, 
while fallow replaced cropland. Between 1991 and 2014, cropland was 
replaced by fallow, while fallow also transitioned to cropland during the 
same period. Settlement targeted bare during this period.

Socio-economic and political factors
There was a general perception that the function of the landscapes in the 
two local municipalities are degraded, with 77% and 70% of the participants 
perceiving the landscape as degraded in ILM and OLM, respectively 
(Figure 8). There was also a perceived degradation of power of the local 
authorities in both local municipalities under focus. Over 60% of the locals 
perceived that people no longer respect the chief (Figure 9). Moreover, the 
respondents expressed that locals do not follow cultural practices like they 
used to before 1994 (Supplementary tables E1–E2).

a b

Figure 5:	 Annual change area for (a) Imbabazane local municipality and (b) Okhahlamba local municipality. The red line in the graphs shows the uniform 
rate of change, and if the bar falls left of the red line, the change is slow, while if the bar is to the right of the line, change is fast.

a b

Figure 6:	 Annual change intensity per category for (a) 1984–1991 and (b) 1991–2014 in Imbabazane local municipality, KwaZulu-Natal, South Africa. The 
red line in the graphs shows the uniform intensity, and if the bar falls left of the red line, the intensity is dormant, while if the bar is to the right of 
the line, the intensity is active.
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The population numbers in both OLM and ILM declined during the 
census period (Figure 9), indicating movement of people out of the local 
municipalities. Overall population declines of 4.7% and 2% were observed 
in ILM and OLM, respectively, between 2001 and 2016. Although 
the population numbers declined, the locals perceived the number of 
homesteads to have increased (Supplementary tables E1–E2).

Discussion
We anticipated a substantial reduction in natural vegetation, together with 
an increased rate of conversion from natural to anthropogenic land cover 
over the study period. However, the results of our study were contrary 
to expectations in a marginalised landscape. The annual change area 
was reduced by 2.5% and 2% in ILM and OLM, respectively, during the 
analysis period, which is similar to trends observed in other parts of 
the world41, including KwaZulu-Natal33. We expected the rate of change 

a b

Figure 7:	 Percentage intensity of gain and loss for each land cover type for the two observation periods in Okhahlamba local municipality, KwaZulu-Natal, 
South Africa. The red line in the graphs shows the uniform intensity, and if the bar falls left of the red line, the intensity is dormant, while if the bar 
is to the right of the line, the intensity is active.

a b

Figure 8:	 People’s perceptions of the quality of the landscape around them. The majority of the 30 participants perceived the landscape to be degraded in 
(a) Imbabazane and (b) Okhahlamba local municipalities.

a b

Figure 9:	 Perception of locals (n = 30) on whether people in recent times still respect the local authorities (i.e. chief) in (a) Imbabazane and (b) Okhahlamba 
local municipalities.
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to increase post-apartheid, given that people have the freedom to use 
the landscapes around them, together with introduction of governmental 
development programmes such as the Integrated Development Plan. 
The observed changes show high persistence of grassland, indicating 
its ability to withstand human impacts. One of the reasons that could be 
driving the persistence of grassland is the reduced use of the landscapes 
by villagers, given that there is a general perception that the landscapes 
in the two local municipalities are degraded (Figure 8). Moreover, 
the movement of people (outmigration) to the cities has resulted in a 
reduced population (Figure 10), which coincides with the reduced rate of 
land cover conversion during the analysis period.

Local authorities such as the chief and headman were previously 
responsible for managing land tenure and use in rural communities in 
South Africa.7,27 These structures are still present; however, there is a 
perceived degradation of the local authority’s power over land use in the 
studied municipalities (Figure 9). This notion is observed in other rural 
areas such as Bushbuckridge in South Africa.7 Reduced influence on land 
tenure and use by the local authorities has implications for land cover 
change because locals have a level of freedom to use the landscapes 
around them in a way that benefits them. For example, harvesting of non-
timber forest products could be high and unregulated, and thus leading 
to loss of natural ecosystems, as seen by the reduced grassland cover 
in our study area between 1991 and 2014.

The overall land cover change showed an increase in the spatial extent 
of cropland and settlement in both local municipalities. Settlement 
and cropland encroached into grassland patches; however, grassland 
remained persistent during the analysis period. Overall, grassland net 
change was higher in the first period compared to the second period in 
ILM, characterised by a high swapping phenomenon and a loss of 3.7% 
and 14.3% in both observation periods, respectively. Similar to ILM, 
grassland had a high swapping phenomenon in OLM and a loss of 10.2% 
and 13.3% in both observation periods, respectively. Although the loss 
of grassland was high in the recent time periods, the rate in which the 
conversion was taking place was dormant in both local municipalities. 
The slow rate of change could partly be explained by the swapping 
phenomenon, which represents a spatial change in grassland cover 
where a loss in one location results in a gain in a different location in 
the landscape, creating a steady loss rate. Encroachment by settlement 
and cropland on grassland has important ecological implications for the 
local municipalities in uThukela Municipal District because it can lead to 
ecological crisis, such as habitat and biodiversity loss.33,42 Apart from 
biodiversity loss, disturbing grassland can destabilise the ecosystem’s 
composition and function. Grasslands provide important ecosystem 
services that are vital for maintaining the primary function of the 
ecosystem. These services include providing habitats for flora and fauna 
and regulating atmospheric carbon through carbon sequestration.43 
The results of our study show high spatial persistence of grassland 
ecosystems in uThukela with over 60% of grassland being persistent 
throughout the study period (Supplementary tables D1–D4). The quality 
of these patches was not assessed in this study and thus we cannot 
comment on the quality, species richness and composition in these 

patches because the regrowth of secondary grassland occurred in fallow 
lands; however, local people in the communities perceive the landscapes 
to have become degraded. Secondary grasslands are associated with 
low forb species richness and are slower to return to the natural state.44 
Future research is needed to determine how long it takes for secondary 
grassland to return to natural grassland to understand the impact of land 
cover change on grassland biodiversity.

Grasslands play a vital role in the livelihoods of rural communities 
by providing important natural resources necessary to sustain rural 
populations. Provision of wild fruits, vegetables, grazing land, and 
medicinal plants are some of the key natural resources obtained from 
grasslands. Local people rely on natural resources such as non-timber 
forest products to diversify their livelihoods and generate income to 
alleviate poverty.1,2,45 Thus, transforming grasslands can hinder rural 
livelihood diversification by reducing areas where resources can be 
harvested in ILM and OLM, forcing people into a ‘red loop’ where products 
are bought in the market instead of being harvested.22,46 The observed 
reduction in the rate of change post-apartheid potentially indicates that 
locals are less reliant on land-based strategies to sustain their livelihoods 
in rural South Africa in recent times. Ragie et al.47 showed that there 
is a shift towards off-farm income generation in Bushbuckridge, South 
Africa, suggesting that rural communities substitute practices such as 
farming with other income-generating activities such as social grants, 
remittances, and wage labour. Moreover, competition between uses 
of communal land for grazing and cultivation could limit the extent of 
expansion of cropland, which can be a source of local conflict between 
farm owners and local land users.

The results of the land cover change over the 30-year period show an 
overall increase in human-induced land cover categories. These results 
are similar to those of other studies in communal landscapes whereby 
human-induced land cover categories such as settlement have expanded 
over time8,9, resulting in reduced and fragmented natural vegetation near 
built-up areas. Although the drivers of change were not assessed, the 
results in this study show that settlement and cropland contributed 
to grassland loss in OLM and ILM. Built-up, commercial agriculture 
and mining activities have been observed to be the drivers of natural 
vegetation loss in KwaZulu-Natal.33 In other parts of South Africa such 
as the Kruger to Canyons Biosphere Reserve, intact natural vegetation 
declined by 6.8% whereas settlement increased by 39.7% between 
1993 and 2006.8 In Bushbuckridge municipality (found in Gazankulu 
and Lebowa former homeland), woodland declined while settlement 
and cropland increased between 1965 to 2009.48 Land cover associated 
with green space (natural vegetation) declined over a 22-year period in 
an urban settlement space in eThekwini municipality, KwaZulu-Natal.49 
These findings  concur with our results, indicating that anthropogenic 
activities shape the landscapes in rural and urban areas, leading to 
natural vegetation loss and land cover change.

Cropland and fallow swapping occurred due to large-scale rotational 
farming and field abandonment. Field abandonment is one of the most 
debated processes in South Africa, especially in former Bantustan areas.50 

a b

Figure 10:	 Population numbers in (a) Imbabazane and (b) Okhahlamba local municipalities as per Statistics South Africa (Stats SA) census. An overall 
decline in population numbers was observed for both local municipalities.
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At fine scales such as village level, subsistence farming has drastically 
declined over time in South African Bantustans.30-32 Factors that drive 
cropland abandonment at village scale are similar across South African 
Bantustans and they include lack of human resources, limited equipment 
to farm, infertile soil and drought.30-32 This is no different for the villages 
in OLM and ILM; however, locals in uThukela Municipal District are 
shifting towards home gardens rather than owning a big crop field. 
Shifting towards gardens has also been observed in Transkei and Ciskei 
former homelands in South Africa.32 The analysis of the Landsat imagery 
in this study does not capture this transition because of its resolution, 
which is a limitation when attempting to understand fine scale patterns 
of change. This emphasises the importance of considering scale, site 
visits and conducting semi-structured interviews when assessing land 
use and land cover change.

The results of this study expand on the existing knowledge of land use 
and land cover change in South Africa, indicating that the patterns of land 
use and land cover change are similar across all marginalised landscapes 
in the country despite the differences in geographic locations. The rate 
of change was higher in the first time period (i.e.1984–1991) in which 
total changes of 23.7% and 21.7% of the landscapes were  observed 
in ILM and OLM, respectively. The first time period coincides with the 
early establishment of the municipalities during the apartheid era in the 
province and one would expect that some form of development would 
take place. The drivers of change were not assessed in this study, and 
thus future studies should seek to understand the drivers of land cover 
change such as climate, settlement expansion, socio-economic and 
political factors and mine area expansion.

Conclusion
Landscape transformation was higher in the observation period 
between 1984 and 1991, but low for the observation period 1991–
2014. This can be attributed to rapid development in the early 
developmental stages of the municipalities, with land use change 
becoming steady and stable in recent times. Grassland was observed 
to be persistent in both landscapes, regardless of a loss in both local 
municipalities. The loss of grassland was dormant throughout the 
study period, partly due to high swapping phenomenon. Commercial 
agriculture and settlements encroach in the matrix of these patches. 
We cannot conclude the drivers of change and quality of the grassland 
because it was not assessed; however, secondary grassland regrew 
in previously farmed areas and the landscapes were perceived to be 
degraded by the local communities. Future research is needed to 
assess the drivers of land cover change and time span of the transition 
between secondary and natural grassland in previously farmed areas 
to understand the influence of socio-economic and political changes 
on land use and land cover change and its impact on biodiversity and 
ecosystem services in rural areas.
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