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“Govern evolution - Tremendous benefits could accrue to the third world 
from biotechnology--if and only if that new technology is adapted to its 

needs” Calestous Juma (1953 – 2017)
This AEON Report is dedicated to Calestous Juma, the prominent global 
advocate for fair development in struggling countries, particularly in his 

native Africa, who could trace his passion for technological innovation to his 
arduous childhood in colonial Kenya. That schooling led him ultimately to 
Harvard, where he became a professor of international development at the 
Kennedy School and directed the Agricultural Innovation in Africa projects 
at the Belfer Center for Science and International Affairs (Adenle, 2018).

A B S T R A C T
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Abstract A griculture is by far the largest human footprint on the planet. 
In 30 to 40 years from now, 10 billion people will require food 
security in a world at least 1.5 degree Celcius (°C) warmer than 

today. African agriculture must supply almost 30% of this. How can 
this be achieved when global demand for water is expected to outstrip 
supply by 40% within the next 20 years, and most people in Africa 
will be living in areas of high water stress? In addition to facing these 
gruelling challenges are impacts of system perturbation on regional 
scales linked to global climate change; more frequent extreme weather 
events, biodiversity and soil loss, freshwater depletion and competition, 
pollution and waste. All these are linked to unquantified entangled 
changes in Earth’s Critical Zone*.

The bottom line of the climate change synopsis is that it is going 
to be difficult to calculate how the world can control its anticipated 
warming. This will not be accomplished if the main causes are not 
better quantified. Fossil energy is one; but natural reactions in a 
warmer earth, such as methane leakage from permafrost and wetlands 
is another that may become uncontrollable; as is water, earth’s ‘noblest 
life-support’, through the role of rivers and deep ground reservoirs. 
Will it be possible to feed future Africa if 50% of its remaining eco-
environment is retained also; a prerequisite if it wishes to preserve its 
natural co-inhabitants and efficient ecosystem services? 

It has been argued that Day Zero for Earth’s last mega-fauna, elephants, 
giraffes, rhinos and others, will be 2050 - 2060. Time is a luxury we do 
not have. This decade must therefore serve as a baseline from which 
to decide if and how food security can be maintained for 2-3 billion 
people who will be living across Africa then, and to guide geopolitical 
decision-making further for an Africa with 4-5 billion people one 
generation later, by 2100. Will there be room for local rural and urban 
farmers, or will more and more corporations and technology control 
agriculture? Given present fertility rates, can Africa double its food 
production by 2050 knowing that agriculture-as-usual contributes at 
least 30% of human greenhouse gas emissions; and that control of 
global temperature fluctuations may require 30% decrease in use of 
the world’s farmable land? Great challenges wait, such as maximising 
food and biomass production in ecosystems fairly shared with all 
remaining species addressed through innovative new science and 
technology advances. Innovation in organic farming, genetics, irrigation 
technologies, and responsible fertiliser (nutrient) application entangled 
with traditional, indigenous approaches may close yield gaps, curb food 
waste and improve water-use efficiency in energy efficient ways; this 
may or may not create new feedback effects in a challenging future – 
can we learn from the past to avoid anticipated disasters? 

*Critical Zone: The Critical Zone is the Earth’s ‘porous skin’ within which all life-sustaining spheres of Earth interact as a habitable system. 
Understanding connectivity throughout this ‘skin’ down to depths of up to 8 km, near the lowermost barrier to life, is crucial because 
it entangles subsurface regions of exploration and extraction processes of resources to human socio-economic development built on 
minerals, soils, water, air, food, energy, with increasingly harmful environmental feed-back mechanisms linked to climate systems.

A B S T R A C T
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Introduction 41 years ago, scientists from 50 nations met at 
the First World Climate Conference (in Geneva 
1979) and agreed that alarming trends for climate 
change made it urgently necessary to act. Yet 
greenhouse gas (GHG) emissions are still rapidly 
rising. An immense increase of scale in endeavors 
to conserve our biosphere is needed to avoid 
uncontrollable change in ecosystem services 
(IPCC 2018; 2019; Ripple et al., 2019; Wallace-Wells, 2019; Johnson et 

al.,2020: Zinsmerman et al., 2020).

T oday, Agriculture, Forestry and Other Types of Land (AFOLU) 
use account for 23% of human (anthropogenic) GHG emissions 
(IPCC 2019). Thus, farmers bear a significant brunt of climate 

change that is already depressing their crop yields; and one of the main 
reasons why natural habitats are under pressure is intensive farming 
practices. By 2020, the arable land of earth devoted to agriculture was 
predicted to be about 50% (Alexander et al., 2016*). Current estimates 
put the remaining amount of farmable land at about 30 million km², 
much of which is concentrated in Africa. Whilst these are very rough 
estimates – they tell an important tale (https://www.globalagriculture.
org/; Wallace-Wells, 2019). 

Regarding farming and food security in Africa, organic agriculture can 
be more conducive to food security in Africa than most conventional 
production systems, and that it is more likely to be sustainable 
in the long term. And organic farm movements are thriving. As 
more than 60% of Africa’s sub-Saharan population consists of 
smallholder farmers, organic farming has a major role to play by 
providing nutritious food and at the same time offering many other 
environmental and social advantages; thus it is fair to say that organic 
agriculture can be seen as part of the solution (de Schaetzen, 2019). 

However, it is clear that organic farming cannot sustain the planet 
and its 11 billion people, or 5 billion across Africa by the end of the 
century and share enough land to protect other species. 

Collectively, global food systems also cause up to near 30% of 
global anthropogenic greenhouse gas emissions. This is due to 
unsustainable crop and livestock production as well as deforestation 
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and other changes in how we use land (Luttikholt, 2019). Moreover, 
agriculture is also directly responsible for 80% of deforestation 
worldwide, so that 90% of the increase in food over the next 30 years 
will have to come from land already in cultivation. 

Hunger is not new to the world, for starvation areas have always 
existed. Formerly relief was obtained by migration into new and 
undeveloped areas – there was always somewhere to go, but by the 
mid-1900s, the main effort was over, and movement of food to the 
people, and the transportation of perishables, now has approached 
near perfection. Resources are thus in direct and useable relationship 
with inhabitants, especially urban areas of the entire earth. However, 
where to next?

Whilst it is recognised by the UN (IPCC 2019 - https://
sustainabledevelopment.un.org/sdgsummit) that much of African land 
can be used as a food supplier over the next decades to feed its past 
and present colonisers, how are farmers across Africa expected to deal 
with this? Assisting African farmers, particularly smallholder farmers, 
adapt to climate change needs to be top priority for policy-makers to 
ensure the transformation of agriculture. However, (how) can Africa be 
compensated fairly?

In addition, since there is no parallel to the crowded world of today 
and tomorrow, reliable science and technical solutions with social 
‘blessings’ are essential. For example, Genetic Modified Organism 
(GMO) has demonstrated large environmental benefits with little 
documented harm (Ronald and Adamchak 2009, 2018; Bourne 2015; 
Wallace-Wells 2019), yet significant controversy over these new 
scientific advances remain. Therefore, what can we learn from past 
responses to food challenges?

“If we want to solve a 
problem that we have 
never solved before, 
we must leave the 
door to the unknown 
ajar”  
 
- Richard Feynman

*Humans currently use one quarter to one third of land’s potential net primary production for food, feed, fibre, timber and energy 
(ICDP 2019). http://www.interacademies.org/37646/Food-and-Nutrition-Security-and-Agriculture; http://www.interacademies.
org/48945/Global-food-systems-are-failing-humanity-and-speeding-up-climate-change; https://academic.oup.com/bioscience/
advance-article/doi/10.1093/biosci/biz088/5610806
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It is useful to contemplate the past 
whilst observing the present to 
predict the future, even if all three 
are prone to uncertainties. Below I 
first summarise two salient stories 
of the past before moving into the 
present to contemplate the future, 
particularly in context of climate 
change, water, and food security.

European and American challenges 
and adaptions to climate change 
during the Little Ice Age

The period from 1492 to 1620 is the ‘forgotten 
century’ in history during early European 
explorations and settlement in North America and 
Greenland. By 1500, after 300 years of prosperity, 
the Viking colonies in southern Greenland and 
Newfoundland vanished due to lack of food crops 
and pastures - victims of the climate episode 
known as the Little Ice Age (Kintisch, 2016;  
White, 2017). 

The Little Ice Age (LIA) was not just a simple 
picture of cold climate from circa 1300-1850, 
but as modern climate science has revealed, 
fluctuating periods of unusually cold winters and 
summers during this period and sometimes of 
unusual storminess, floods, and drought. This 
was a period of exceptional variability in global 
and regional temperatures, and changes in ocean 
and atmosphere circulation at greater frequency, 

both short term and gradual. These varied gently 
and dramatically on scales of years or decades, 
including El Niño Southern Oscillation and solar 
minima, further shattered during exceptional 
tropical volcanic eruptions, as revealed from ice 
cores and tree rings. In the late 1500s to early 
1600s, there was also a temporary reduction 
in greenhouse gases in the atmosphere and 
decreases in sealevel of oceans (White, 2017, 
Kench et al., 2020; and many references in both). 

One of the steepest declines in temperatures in 
the Northern Hemisphere with severe weather 
changes between ca. 1500 and 1620, took place 
during the early colonisation and founding 
settlements in North America, and especially 
between ca. 1590 to 1610, with exceptionally cold 
summers and winters that also effected Europe. 
Deterioration of animal and crop production, 
and sterility of soil, ended in hunger, starvation, 
disease, violence, and death (White, 2017).

Following the spectacular destructive early 
European invasion into the Americas, with their 
alien pathogens creating overwhelming epidemics, 
most of the indigenous American population 
died, land fell into disuse and forests grew back, 
so that during the late 1500s the loss of people 
and livestock and regrowth of vegetation drew 
down carbon dioxide (CO2) from the atmosphere 
enhancing global cooling; and as a feedback, 
soils absorbed more carbon, further reducing its 
temperature (Ruddiman, 2005, 2013). Although 
not yet conclusive, human activity may for the first 
time have influenced greenhouse gas reduction and 
climate change, and environmental transformation 
in the Americas during this period referred to as 
the ‘Columbian Exchange’ (White, 2017).

A D A P T O R  N OT T O  C L I M AT E  C H A N G E  -  L E S S O N S  F O R  F U T U R E  F O O D  S E C U R I T Y  F R O M  T H E  PA S T /

Adapt or not to climate change - lessons 
for future food security from the past
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Whilst the details of the cause and effects of the 
cold and droughts of the Little Ice Age and its 
contemporary loss of life from colonisation and 
disease are still debated, the combined impacts 
of both disasters clearly affected different 
regions with challenges and responses that often 
overwhelmed capacities to adapt. There was 
lack of sufficient knowledge about climate and 
geography; about winds, weather and seasons, 
and incomplete understanding of the linked 
human disasters, including agro-collapse and 
indigenous knowledge loss. 

Failure to understand and adapt to rapid climate 
fluctuations proved fatal for food security during 
the Little Ice Age.

Early African challenges and 
adaptions to climate change 

By contrast to these medieval times, adaption to 
climate change that affected earlier colonisation 
across Africa was more ingenious thousands 
of years before European invasions into Africa. 
During the African Humid Period (from about 
11,000 to around 5500 BC [Before Christ]), the 
paleo-arid Sahara transformed into a moderately 
wet landscape with widespread grasslands, 
variable tree cover, extensive river drainage 
networks, large permanent lakes, and a wide 
range of wildlife that humans hunted and 
gathered across this vast present-day desert 
region (deMenocal et al. 2000; Tierney et al., 
2017). There is ample scientific evidence that 
relatively rapid termination linked to decrease in 
precipitation between 5500 to 4800 BC reversed 
this vast green Sahara savannah across North 
Africa, near the size of Europe and Australia 
combined (Figure 1A), into the desert it is today 
(Claussen et. al., 1999; Collins et al., 2017). 
Whilst there is still debate about the rate of this 
sharp climate change, how it started and how 
it is linked to hydro-climate system feedbacks 
with the Northern Hemisphere, it is clear that 

in response, early Africans moved east to the 
nearest source of water - the Nile Valley - which 
contemporaneously changed its ecosystems 
from large swamps into a focused river valley. 
Forced to adapt to more confined spaces flanking 
the margins of the Nile, Africa’s early agriculture 
began around 5500 to 5145 BC, growing 
edible wild plants such as barley-like grasses, 
probably imported during early trading and 
colonialism from the Middle East. Although the 
archaeological data is still scant, onset of more 
controlled agriculture likely expanded rapidly, 
because of the restricted space, into farms that 
grew wheat and barley within large communal 
granaries sunk into the dry desert sand with the 
first cultivated plants in Africa, including flax 
from which linen was manufactured (Oliver and 
Fage, 1975; Fletcher, 2015). Whilst the details of 
this story are still emerging, this relatively rapid 
African climate change, triggered by decrease in 
rainfall and bio-geophysical feedbacks, sparked 
the invention of controlled agriculture along the 
Nile to feed a rapidly expanding population that 
may have reached a million by 5000 BC. 
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Response to increasingly scarce surface water resources 
across the withering green Sahara was thus linked to 
smart African climate change adaption to ensure food 
security through new technology.

Similar adaptations to climate fluctuations farther 
south along the Sahel-Sahara created vast agricultural 
opportunities linked to natural millet across these 
Sahelian regions of West Africa before 3000 BC. However, 
the archaeological data is sparse and remains poorly 
understood (for example [e.g.] Manning, 2010). However, 
by the onset of the LIA, West African Empires saw millions 
of hectares irrigated along the banks of the Niger River 
through extensive irrigation networks, which made the 

Sahel the breadbasket of Africa and Europe at the time. 
How and when these inventions reaches farther south 
across sub-Saharan Africa is unclear, but given the 
immense size of Africa compared to Europe and the United 
States of America (USA; Figure 1A), these North African 
adaptations were exceptional achievements in response 
to climate change. Today, one of the most urgent and 
complex aspects of the need to make accord with water 
resources lies in the field of conservation (Fairchild, 1947).

Can Africans repeat such historical creativity into the 
future, given similar surface water challenges that are 
looming now? 

BA

F I G U R E  1 .

You’re not a country, Africa (Adesanmi, 
2011). Africa is big - just the relative size 
of it is daunting for modellers of regional 
climate change, ecosystem services and 
food production. A: Equal area projection 
– note Germany, in red, a ‘visual dot’ of a 
successful nation built on self-security in 
food production and a focus on traditional 
organic farming and nature’s natural energy 
linked to new evolving technology. Can this 
dot expand across Africa? The United Nation 

(UN) and World Bank estimates suggest that 
the world has about 450 million hectares 
of potentially available uncultivated land of 
which sub-Saharan Africa accounts for 45 to 
60%; the last frontier of large land expansion 
for crop production to feed the world. But 
only half this land is less than six hours from 
the nearest market and as much as 90% of 
this land is located in just six to eight of Af-
rica’s 54-56 countries of which seven of the 
most densely populated may soon exhaust 
their land potential or have largely already 

done so (Fischer & Shah, 2010; Deininger et 
al., 2011; Jayne et al., 2014; Chamberlin et 
al. 2014; Kapuya and Sihlobo, 2016; Sihlobo 
and Kapuya, 2018; Sinyolo and Mudhara, 
2018). B: Major river basins in Africa. How 
will this rainfall-linked perennial drainage 
system respond to projected climate change 
by 2100; how will that link to groundwater 
systems; and how will that challenge food 
security across Africa? (Source: Simplifi ed 
from the AEON Africa Database - see de Wit 
and Stankiewicz, 2006). 



A s global warming reduces effective rainfall 
in many parts of Africa, there will be a 
corresponding drop in perennial stream 

channels in response to this climate change, and 
many rivers that currently flow throughout the year 
(Figure 1B) will become ephemeral or, only flowing 
after substantial rainfall, and rapidly drying up again. 
This will reduce access to surface water and in 
some regions lead to major water shortages (e.g. 
Goulden et al., 2009). Across modern Africa, perennial 
drainage density as a function of mean annual rainfall 
defines three regions separated by threshold values 
of precipitation (Figure 2A). This nonlinear response 
of drainage to rainfall will seriously affect regions 
in the intermediate, unstable region (de Wit and 
Stankiewicz, 2006). For example, a 10% decrease 
in precipitation in the regions on the upper regime 
boundary [1000 millimetres (mm) per year] would 
reduce drainage by 17%, whereas in regions at the 
lower regime boundary (500 mm per year) such a 
drop would cut 50% of surface drainage (Figure 2 
A). Calculations based on coupled global climate 
change models (GCMs) adapted by the International 
Panel for Climate Change (IPCC) for forecasting 
purposes, show that decreases in perennial drainage 
will significantly affect present surface water access 
(Figure 2B) across 25% of Africa by 2100 (Figure 
2C). Furthermore, all major African rivers traverse 
international boundaries (Figure 2D): rivers and 
watersheds form almost 40% of the international 
borders of African countries. These results emphasise 
that as climate changes, future access to water, and 
therefore agriculture and food security, especially 
in rural areas that depend on low-order streams for 
surface supply, needs to be carefully co-managed 
by African nations and communities that share river 
basins and as more national controlled dams are built 
within African water systems. How will agriculture in 

major unstable regions across Sahel-Saharan Africa 
with a number of important water bodies such as the 
Sudd swamps in the Nile basin, Lake Chad (which 
has now shrunk to less than 10% of its size over the 
last 55 years) and the Niger River on both sides of its 
inland delta (see Ward et al., 2016, for further details), 
respond to further drops in surface drainage? 

Most of southern Africa lies either in the unstable or dry 
regime (Figure 2B), and much of this region is projected 
to experience significant losses of what little perennial 
supply it does have (Figure 2C). More than a decade 
ago, it was predicted that areas near Cape Town would 
lose more than half their perennial supply (de Wit & 
Stankiewicz, 2006); in 2018, the City of Cape Town 
and linked urban areas were in a water-crisis mode 
due to recent increase in drought. This provides some 
reliability to models that project there will be serious 
water shortages elsewhere across southwest Africa and 
Botswana (e.g. Nkemelang et al., 2019), and Africa at 
large, with anticipated climate changes. 

The eastern and northern sections of southern Africa 
are projected to experience strong to moderate 
decreases in water supply, as has indeed occurred 
over five of the last 8 years (Rodell et al., 2018). Any 
such loss in eastern South Africa (SA) would affect 
the upper reaches of the Orange River, whose lower 
reaches are one of the few perennial water supplies 
in south-western Africa. The interior of this region 
is very dry, but the Orange River, with its sources in 
the east, winds its way through this arid region, as 
the Niger does across southern Mali. The Orange 
is the fifth largest river in Africa, yet there were at 
least five instances between 1862 and 1912 (before 
any damming schemes) of this river running dry, and 
in 1903 the river stopped flowing for two months 
(van Warmelo, 1922), showing that even one of the 

7

Adapting to future changes in 
surface-water access across Africa

A D A P T I N G  T O  F U T U R E  C H A N G E S  I N  S U R FA C E - W AT E R  A C C E S S  A C R O S S  A F R I C A  /
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continents biggest rivers cannot be truly called perennial, 
and today fluctuations appear to be increasing. An 
extreme drought event occurred in 1991/1992 in southern 
Africa and an extreme hot season in northern Africa in 
2009/2010 (Nangombe et al., 2018). Today western SA 
is experiencing its worst droughts in over 110 years, and 

just nearly 15 years ago water shortages in central SA 
led to almost no water being released from the dams on 
the Orange River; some of south-eastern Africa’s major 
agriculture centres such as along the Sundays River valley, 
rely on water supply from the Orange River. 

B D

A C
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In addition, in South Africa and increasingly farther north, 
streams, rivers, lakes wetlands and estuaries are fouled or 
destroyed by agriculture and especially mining runoff, with 
an increase in acid mine water discharge that in SA effects 
major river basins with greater agricultural potential, 
but the permanent clean-up of which may bankrupt the 
country (e.g. de Villiers and de Wit 2011).

By contrast, farther north, water scarcity in Senegal 
caused forest species richness to fall by 33% between 
1945 to 1993, and densities of trees more than 3 metres 
height declined by 23% from 1954 to 1989. These changes 
shifted the Sahel, Sudan and Guinean vegetation zones to 
areas of higher rainfall, and decreased its human carrying 
capacity below the actual population densities. The 
impoverished flora may have lost its capacity to provide 
food-aid to a substantial population ravaged in the future 
by famine, and the likelihood of future droughts across 
this region raises the spectre of such grave episodes 
sometime in this century (Gonzalez, 2001; Graves et al., 
2019). However, recent high spatial resolution satellite 
data has shown that at least West African farmers 
flanking the Sahara are (still) smart when it comes to such 
oscillating challenges. They adjust tree cover to realise the 
co-benefits of agro-forestry:

As relatively short climate fluctuations and changes in 
rainfall force farmers to move back and forth across 
the Sahel, woodlands that act as a carbon sink and soil 
protectors, are cleared for agriculture devoted to large-
scale crop production, and where these woody plants 
are a nuisance. The socio-economic context is such that 

the loss of trees and the potential indigenous ecosystem 
services they provide for local people is an acceptable 
trade-off, given the higher yields and economic benefits 
that come with intensified farming practices and food 
security. Whilst agricultural expansion causes a reduction 
of trees in woodlands, Sahel villagers safeguard trees on 
nearby farmlands. This challenges simplistic ideas of a 
high negative correlation between population density and 
woody carbon sinks (Brandt et al., 2018; Hanan, 2018). 

Thus, whilst surface water security in East Africa looks 
brighter (Figure 2C), clean water scarcity in many parts of 
northern, central and southern Africa has already reached 
crisis proportions. The further projected fluctuations 
in perennial river systems across the Africa over the 
next 30 to 80 years will likely create major food security 
challenges. This will surely become a major challenge for 
water-technology to sustain, let alone improve, African 
agriculture and ecosystem services. 

In addition, there are now clear signs that consumption 
of fossil groundwater to stimulate agriculture across arid 
North Africa show disturbing depletions at unsustainable 
rates (Rodell et al., 2018). Moreover, groundwater is 
particularly difficult to monitor and manage because 
aquifers are vast and unseen, yet groundwater is 
important for food supply since it provides for near 40% 
of global consumptive irrigation demand (Rodell et al., 
2018). However, the dire need for better quantification of 
groundwater to sustain future agriculture across Africa is 
still poorly acknowledged (Wijnen et al., 2018; Cuthbert et 
al., 2019; Healy, 2019; Cobbing, 2020). 

F I G U R E  2 :

 A) Graph showing the implications of the 
rainfall – perennial drainage density model 
of de Wit and Stankiewicz (2006). Black 
curve shows what change in perennial 
drainage would occur in a region if annual 
precipitation dropped by 10%. This curve 
is a function of the annual drainage in the 
region before the change. The three colours 
correspond to the three rainfall regimes, 
distribution of which is shown in Figure 2.B. 
The two ‘zippers’ show rainfall ranges where 
a 10% drop resulted in crossing a threshold. 
Regions receiving between 401 and 444 mm 
per year (/y) would drop under 400 (from 
yellow to red in our colour scheme), and 
those receiving between 1001 and 1111 
mm/y would go from the green to the yellow. 
One of the consequences of the observed 
relationship between rainfall and drainage 
is that a small change in precipitation in a 
region in the intermediate, unstable regime 

can cause significant changes in the peren-
nial water supply. If, for example, in a region 
receiving 600 mm of rain per year, the pre-
cipitation decreases to 550 mm/y (a change 
of less than 10%), perennial drainage will be 
cut by 25%, while a change from 500 mm/y 
to 450 mm/y would cut the drainage by half. 
Decrease in rainfall to below 500 mm in the 
growing season is likely to result in crop 
failure for most rainfed crops. B) Present 
rainfall regimes in Africa. Dry areas (receiv-
ing not more than 400 mm/y) are marked in 
red. These areas make up 44% of the conti-
nent’s total area (three countries in Africa 
fall entirely in this region: Egypt, Djibouti 
and Saharawi). The intermediate regime (not 
more than 1000 mm/y) is marked in yellow 
(25% of area; affecting, at least partially, 75% 
of all African countries), and the high rainfall 
areas in green (31%). Only the major rivers 
and lakes are superimposed on the figure. 
Note that not all these rivers are perennial. 
C) Simplified map of Africa showing ex-

pected change in precipitation by the end of 
the 21st Century, as based on the composite 
of 21 leading fully coupled GCM adapted by 
the IPCC for forecasting purposes. Here 10% 
change contours are used to simplify the 
figure; the original models are considerably 
more detailed. Numbers 1-30 are selected 
positions throughout Africa where the 
expected changes in perennial drainage 
density were calculated (these are tabulated 
in de Wit & Stankiewicz, 2006; Points 1-20 
correspond to urban areas, while 21-30 
represent rural areas); note the projected 
changes in major cities, like Cape Town (see 
also LaVanchy et al. 2019) and Northern 
Africa. D) International borders in Africa. Of 
all inland boundaries, rivers form 33% (blue), 
with another 6% made up by watersheds 
(red). These river-related borders apply to 
39 of the 48 (i.e. 81%) countries on African 
mainland. Arbitrary inland borders in grey 
stipples, and coastlines in green.

A D A P T I N G  T O  F U T U R E  C H A N G E S  I N  S U R FA C E - W AT E R  A C C E S S  A C R O S S  A F R I C A  /
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Challenges to quantify 
and manage groundwater 
resources across Africa

G roundwater is the largest and most widely distributed store 
of freshwater in Africa, and is the major source of drinking 
water; and its use for irrigation can, and is, predicted to 

increase substantially to combat growing food insecurity (Cobbing 
and Hiller, 2018; Zaki et al., 2018). Despite this, there is relatively 
little quantitative information on groundwater resources in Africa 
(Wada et al., 2010; Cuthbert et al., 2019; Cobbing, 2020), and 
groundwater storage is consequently often omitted from assessments 
of freshwater availability. MacDonald et al. (2012) estimate total 
groundwater storage in Africa to be 0.66 million km³ (0.36–1.75 
million km³). Whilst this groundwater and its annual recharge 
is unevenly distributed across Africa (Figure 3), and even if his 
groundwater storage is not all available for abstraction, the estimated 
volume is more than 100 times estimates of annual renewable 
freshwater resources on Africa (MacDonald et al., 2012). Thus, African 
groundwater is likely to be a much larger resource than is commonly 
predicted, albeit in need of much better understanding and monitoring 
(Taylor et al., 2013; Cobbing 2020).

Thus one way forward to meet the challenges of low levels of irrigated 
agriculture in Africa, especially sub-Saharan Africa (SSA), must be to 
improve knowledge about, and sustainable use of, its groundwater 
(Taylor et al., 2013; Pavelic et al., 2013; Cobbing and Hiller, 2018; 
Zaki et al., 2018; Cuthbert et al., 2019). Indeed to remedy the current 
and predicted future scarcity of surface water in Africa is to invest 
in groundwater. But to date groundwater remains significantly 
underused relative to surface water, generally because of a lack of 
knowledge and the predominant use only of very shallow and easily 
accessible groundwater by private owners and communities using low 
technologies and traditional methods. In essence deeper groundwater 
systems remain essentially unutilised because they are amongst the 
least understood, globally, and especially across Africa (MacDonald et 
al., 2012; Villholth, 2013; Cobbing and Hiller, 2018; Wijnen et al., 2018; 
Cuthbert et al., 2019; Cobbing 2020). 

In SSA and NE Africa, groundwater is by far the largest stock of 
freshwater on the continent (Figure 3). Yet only about 0.14% is being 
extracted from the total renewable volume produced through recharge, 

C H A L L E N G E S  T O  Q U A N T I F Y  A N D  M A N A G E  G R O U N D W AT E R  R E S O U R C E S  A C R O S S  A F R I C A  /

“In SSA and NE Africa, 
groundwater is by 
far the largest stock 
of freshwater on the 
continent”
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F I G U R E  3 :

 A) Groundwater recharge across Sub-Saharan Africa 
(BGR and UNESCO, 2008). B) Depth of groundwater 
across Africa (MacDonald et al., 2012). For similar 
regional information about long-term sustainable 
groundwater in NE Africa (the Nubian aquiver system), 
see Voss and Soliman (2014), and Cobbing (2020). 

compared for example to India where ca. 58% of such 
groundwater is withdrawn, and where the per-capita 
volume of groundwater abstraction is near 10-fold greater 
per year than in SSA (Cobbing and Hiller, 2018; Wijnen et 
al., 2018). 

Thus, whilst currently groundwater resources of Africa 
effectively remain dormant, they have a potential to 
ensure sustainable food security, drought resilience, 
and a buffer to climate change. Clearly, there are still 
early African Sahara/Sahel lessons to be learned to feed 
Africa, and possibly the world, despite climate change 
and surface water scarcity (Ward et al, 2016). However, 
these also need to be linked to better knowledge about 
how greater food production requirements, given the 
population densities of today and tomorrow, also 
contribute to increasing anthropogenic greenhouse 
gas emissions. For example, population growth across 
the Sahel, which is already outstripping food supply, 
is expected to double, to 450 million, by 2050, whilst 
temperatures are expected to rise faster there than 
elsewhere, to reach about 3°C above the levels of 70 
years ago, and perhaps as much as 6°C by the end of this 
century (Graves et al., 2019).

Fresh surface and groundwater are crucial to retain 
a healthy Critical Zone and thus the success of 
agriculture. Carbon sequestration in healthy soils 
is about two to three times greater than carbon 
captured by its vegetation; depleting soil carbon 
through poor agriculture practices and deforestation 
contributes significantly to carbon loss and climate 
change. Thus, the type and styles of farming, 
including indigenous African practices must be 
tested more rigorously within the greater context 
of global warming fluctuations and Critical Zone 
resilience (Auerbach, 2013; 2019; Graves et al., 
2019).

BA
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Global CO2 concentrations in ppm (parts 
per million) from 1200 to present. Data 
from 1700 to 2013 are from R. Scribbler for 
environmental, social and economic justice 
(https://robertscribbler.com/tag/keeling-
curve/). The CO2 concentrations during the 
Little Ice Age (LIA) are based on Law Dome 
(Antarctica) ice core data (http://cdiac.
ess-dive.lbl.gov/ftp/trends/co2/lawdome.
smoothed.yr75); the cold peaks are from his-
torical data. The end of the Norwegian set-
tlements in Greenland (Greenland Famine) is 
from Kintisch (2016). The period from 1492 
to 1620 is the ‘forgotten century’ in history 
during early European explorations and 
settlement in North America, during which 
there was a significant drop in CO2 from 
about 1550 (White, 2017). However, note that 
the last 2000 years cold and warm epochs 

were not always globally coherent, as is 
the case for the last 150 years (e.g. Nature 
2019; Neukom et al., 2019). For details about 
the Irish famine and the long-lived poverty 
before linked to the Cromwellian Settlement 
in 1652 see, for example, Pendergast (1865) 
and Barlett (2018). Note the ill-defined 
overlap between the end of the LIA and the 
onset of the Industrial Revolution. Green 
line = CO2 levels in 2013 (400 ppm); Red 
line = CO2 levels early 2019 (415 ppm). CO2 
concentrations below about 500 ppm are 
required to keep global temperatures from 
increasing beyond 2°C. Except for the data 
from direct atmospheric measurements 
after 1958 in Mauna Loa, Hawaii, all other 
data shown on this graph have significant 
uncertainties. For example, drought atlases 
based on data from tree rings over the past 
millennium confirm that human activities 

were probably affecting the worldwide risk 
of droughts as early as the beginning of 
the twentieth century, but more research is 
needed to precisely understand the impacts 
of different forcing agents—and particularly 
aerosols and greenhouse gases—on global 
and regional hydroclimate and to extend the 
recent paleo-climate reconstructions across 
different regions (Marvel et al., 2019), and 
in particular across Africa and the Indian 
Ocean (e.g. Kench et al., 2020, and referenc-
es therein). The start of the Green Revolution 
is based on implementation of technology 
transfer linked to increasing implementation 
of chemical fertilisers initiated between 
1930-1960, now referred to as conventional 
farming, and against which Rachel Carson 
warned about through ‘Silent Spring’ in the 
early 1960s (Carson, 1962), just after the 
first Hawaii data was recorded.
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Greenhouse Gas links 
to climate change with 
challenges for Agro-
Africa 

F ollowing the invention of agriculture in northeast Africa 
and the Middle East, methane release from farms and 
carbon dioxide from deforestation marked the early start of 

anthropogenic greenhouse gas (GHG) emissions and their link to 
climate change – albeit small compared to later fossil fuel use at 
the onset of industrial revolution (Figure 4). 

Rapid improvement in understanding of natural climate change in 
the past started in the early 1980 with the discovery of ice cores, 
which revealed the variations of CO2 and later CH4 (methane) to 
natural climate variations and since then that of human inductions. 
When linked to continuous daily measurements of CO2 changes 
– the Keeling curve - that started in the mid-1950s, this has led to 
much better and secure modelling of potential climate change into 
the future. This is based inter alia on observed increases in CO2 
contents in the atmosphere from 310 ppm in 1958, to more than 
400 ppm in 2013 (for the first time on May 9, 2013, the daily mean 
concentration of carbon dioxide, measured at Mauna Loa in Hawaii, 
surpassed 400 (green-line, Figure 4); and the highest CO2 levels 
recorded so far reached 415 by May, 2019 (red-line, Figure 4)). Only 
scenarios that stabilise GHG concentrations in the atmosphere at 
around 480 to 530 ppm of CO2 are likely to contain temperature 
gains below 2°C (Figure 4). 

However, projected changes in African climate extremes remain 
little explored, particularly in the context of the Paris Agreement 
targets. Recent simulation focusing on the projected changing 
likelihood of events that have comparable magnitudes to observed 
record-breaking seasons, show how heat and hydrological 
extremes may change in Africa under stabilised 1.5 °C and 2 °C 
scenarios (Nangombe et al., 2018). This model suggests that 
continued efforts to limit warming to 1.5 °C offer considerable 
benefits compared to 2°C in terms of minimising heat extremes 
and their associated socio-economic impacts across Africa. Can 
that be managed?

G R E E N H O U S E  G A S  L I N K S  T O  C L I M AT E  C H A N G E  W I T H  C H A L L E N G E S  F O R  A G R O - A F R I C A  /

“Recent simulation 
focusing on the 
projected changing 
likelihood of events 
that have comparable 
magnitudes to 
observed record-
breaking seasons, 
show how heat and 
hydrological extremes 
may change in Africa 
under stabilised 1.5°C 
and 2°C scenarios”
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Climate Fluctuation on 
a changing planet and 
across a fragile Africa; 
and links to food security 
In part linked to the predicted changes in 
atmospheric GHG, the 2015 FCCC – Framework 
Convention on Climate Change (UNFCCC) Paris 
Agreement expressed that a target of holding the 
global temperature increase to well below 2°C above 
pre-industrial levels and pursuing efforts to limit the 
temperature increase to 1.5°C would significantly 
reduce the risks and impacts of climate change
(UNFCCC, 2015; IPCC 2019).

R ecent economic evaluations indicate that limiting warming to 
1.5°C would significantly reduce economic damages (by more 
than US$20 trillion) and lessen global inequality (Burke et al., 

2018). However, the models on which all these estimates are based 
are still under scrutiny (Figure 5); and oversimplified (e.g. Peters, 2018; 
Graves et al., 2019; IPCC, 2019). For example, although anthropogenic 
climate change is expected to have caused large shifts in temperature 
and rainfall, large internal variability and the brevity of observational 
records have complicated detection of human influence on global 
drought. Specifically there are still significant uncertainties related to 
the predictive baseline outcomes, and 1.5°C may be reached even by 
2030-2040 (Leach et al., 2018; Tokarska, 2018; Goodwin et al., 2018; 
Steffen et al., 2018; IPCC, 2018; 2019). This will drive wide and variable 
ranges of policy decisions by different nations and social choices 
about their carbon budgets related to energy production/consumption. 
Thus, more transparency and understanding of the implications of such 
choices are crucially needed to providing useful information that can 
bridge the science–policy gap (e.g. Tokarska et al., 2019).

Under both the 1.5 and 2°C global warming scenarios, a recent model 
suggests greater magnitudes of warming over northern and southern 
Africa than the global average (Nangombe et al., 2018; Graves et al. 
2019). The record hot year of 2015 in Africa had devastating impacts. 
The likelihood of future annual temperature extremes over Africa 
exceeding those of 2015 are 91% and 100% in 1.5°C and 2°C worlds, 

“In SSA and NE Africa, 
groundwater is by 
far the largest stock 
of freshwater on the 
continent”
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Global temperature model simulations 
in which estimates of current levels of 
anthropogenic warming following the start 
of the industrial revolution (1861 to 1880) 
is 0.93°C, and from which the amount of 
warming remaining before Day Zero of 1.5°C 
that must be curbed within 40 years from 
now, as recommended by the UN Paris 
Agreement, can be determined (e.g. Miller et 
al., 2017); indeed, continued efforts to limit 
warming to 1.5 °C offer considerable benefits 
in terms of minimising heat extremes and 
their associated socio-economic impacts 
across Africa (Nangombe et al., 2018; IPCC 
2019). However, the model from which these 
future projections are calculated changes 
significantly if pre-industrial baseline 
starting time was much earlier (for example 
1400 to 1800; e.g. Crutzen, 2002; Steffen et 
al., 2015, 2018); as do uncertainties about 
global temperature averages used to take 
these numbers into the future (Schurer et 
al., 2018; IPCC, 2018, 2019), as shown for 
complete global coverage for Surface Air 
Temperature (SAT; red line) and for a blend 

of SATs and Sea Surface Temperatures (SST; 
masked coverage blend; purple line). The 
double-headed arrow and accompanying 
value indicate difference between red and 
purple lines in 2015. Additional arrows 
indicate Global Mean Surface Temperatures 
(GMST) when the different models pass 
1.5°C (along the horizontal black line). A 
model range for the decade between 2050 
and 2060 (here referred to as a baseline) 
is shown in the right panel (modified from 
Schurer et al., 2018; see also IPCC, 2018). 
The black dot shows the estimated anthro-
pogenic warming (0.93°C in 2018) used by 
Miller et al. (2017). Population estimates 
(in billions) are from UN (2014, 2017); the 
demand compared with present day food 
is projected to increase 70 to 100% by the 
baseline decade, by which time freshwater 
demand will outstrip supply (Reyerson, 
2015). If food production is increased using 
present agriculture practices, GHG emis-
sions will surge (food production already 
contributes more than 30% anthropogenic 
greenhouse gases); and reducing water 
consumption will challenge food production. 
Moreover, global food production presently 

remains the most devastating enterprise for 
ecosystems. Unlike capital-intensive coun-
tries, where population is likely to decrease 
significantly over this century, this is not so 
clearly the case across Africa. Africa has 
a population of 1.2 billion predicted to in-
crease to 2.5 billion by 2050. Presently 59% 
live in rural districts, 41% in cities; the move 
to cities is presently at 2.2% per year and 
will decrease to near 1%, so that by 2050 the 
ratio of rural to urban will be 2:3 (UN World 
Urbanization prospects, 2014). Moreover, 
in some African countries, including South 
Africa, 30-60% of the population is unem-
ployed, and expected to increase by 2030 
as more than half the African population 
become adults (Graves et al., 2019). Clearly, 
there are still significant uncertainties 
related to the predictive baseline outcomes 
that can drive wide and variable ranges of 
policy decisions linked to carbon budgets by 
different nations and social choices (Crist, 
2015; Peters 2018; Graves et al., 2019). Note 
the observed mean land surface air tem-
perature has risen considerably more than 
the global mean surface (land and ocean) 
temperature (IPCC, 2019).
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respectively, stressing the benefits of limiting future 
anthropogenic warming especially for Africa. Thus, 
limiting global warming to 1.5°C relative to 2°C would 
have substantial benefits for Africa in terms of reducing 
occurrences of extreme events similar to historical 
record-breaking seasonal extremes. 

If these simulations are representative of the true 
climate system, there could be substantial differences 
in the regional impact-relevant aspects of the climate 
between the 1.5 and 2°C warmer worlds (e.g. Steffen 
et al., 2018). The distinction between 1.5°C and 2°C 
warmer worlds might be much greater in terms of daily 
extremes. How these differences in climate extremes 
may translate into human and ecosystem impacts 
across Africa - considering that global warming greater 
than 1.5°C might worsen other major problems, such as 
food security, water availability and disease outbreaks - 
remains uncertain.

Recent modelling, based on theory and geological 
evidence, narrows the uncertainty in surface-warming 
projections and reduces the range in equilibrium 
climate sensitivity (Goodwin et al., 2018). This study 
finds that a warming target of 1.5°C requires that 
carbon emissions be kept less than 195–205 PgC 
(petagram of carbon = gigatonne of carbon, GtC) from 
the start of year 2017, whereas a warming target of 
2°C is only likely if the emitted carbon remains below 
395–455 PgC. At the current emission rates, these 
warming targets will be reached in 17 to 18 years (or 
22 years using models of Leach et al., 2018, and even 
within 12 years based on some recent models of IPCC, 
2018) and 35 to 41 years, respectively, emphasising 
that there is a limited window to develop a more 
carbon-efficient future. 

How then can we be sure that the goals of limiting 
global temperature rise can be limited to 1.5°C? Even 
the actions required to limit conditions to below 
just 2.0°C remain challenging, in particular for hot 
temperature extremes (Seneviratne et al., 2016, 2018; 
Tokarska 2018; Comyn-Platt et al., 2018; Steffen et al., 
2018; IPCC, 2018, 2019); and, as many unknowns are 
discovered, continue to surprise. 

For example, CH4 is a potent greenhouse gas that in 
the short run is roughly 30 times more effective as a 
GHG to the climate change than CO2. It has long been 
assumed that larger amounts of greenhouse gases 
form when the ground is dry and well aerated - when 
oxygen is available to form CO2. Recently this concept 
has been challenged and it is claimed that waterlogged 
permafrost soils without oxygen can be twice as potent 
as drained (dry) permafrost soils – and therefore that 
the role of methane has been greatly underestimated 
(Knoblauch et al., 2018; Herndon, 2018). These findings 
calibrated with laboratory incubations, show for the 
first time that the methane-forming microorganisms in 
thawing permafrost have significant influence on the 
GHG budget and may outpace carbon dioxide as a major 
contributor to global warming over this century. This will 
possibly create an unexpected runaway effect that is 
still poorly quantified (e.g. Lenton et al., 2019). 

As global warming increases, vast areas of permafrost 
in the northern hemisphere will continue to thaw, 
liberating frozen organic carbon that decomposes 
into CO2 and CH4. Since permafrost soils store vast 
quantities of organic matter that are vulnerable 
to decomposition under present warming climate 
conditions, the permafrost soils of northern hemisphere 
could produce up to 1 Gt CH4 and 37 Gt CO2 by 2100. 
The release of such amounts of greenhouse gases 
create a positive feedback to atmospheric CO2 and 
CH4 concentrations and will accelerate climate change 
induced by agriculture and deforestation for food 
security. 

It has been quantified that agriculture, forestry and 
land-use change alone – not including food transport 
and other energy-intensive processes – contribute 
around 20 to 25% to global annual emissions (IAP 
2018), which if it increases by 4°C could make half of 
the world’s current farmland unsuitable for agriculture 
(Warren, 2011; Bourne 2015). Whilst these are all still 
unsubstantiated numbers: since 2011, the global CO2 
has increased by more than 30 ppm (Figures 4 and 5).

Given the UN estimated population growth, and 
changing diets, 40 years from now the world’s demand 
for food, given little change in wastage, is projected 
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to rise by 70 to 100% between 2050 and 2060, just as the 
global climate temperatures reach 1.5°C, assuming that the 
Paris Agreements are adhered to (Figure 5). These baseline 
estimates, with large uncertainties, are directly linked to 
deforestation, biodiversity loss, food security and rising 
malnutrition. Globally, cultivated farmland today occupies 
a land mass the size of South America, and lands used for 
livestock grazing occupy a land mass the size of Africa. Most 
other potential arable land is in tropical forests, which, if used 
for agriculture, will accelerate biodiversity loss, complicate 
efforts to rein-in CO2 emissions, and fail to sustain a healthy 
Critical Zone. 

No one knows how the next generation will meet the 
requirement for food production, and how they might reduce 
human population growth to stabilize at 9.3 billion after 2050, 
the UN’s lowest population projections at a time that global 
temperatures must stabilise at 1.5°C (Figure 5). It is likely 
therefore that there will be at least 10 to 11.2 billion people 
towards the end of this century, a nearly 4 billion rise from 
2015 (Emmott, 2013; UN, 2014, 2017; Bongaarts & O’Neill, 
2018). In addition, even if slower future population growth 
may not be the most important means of reducing future 
emissions, it could reduce global emissions by 40% or more in 
the long term (MA, 2005).

Present inequality around the planet is rife (Reyerson, 2015). 
If we cannot live sustainably with 7.6 billion people (of which 
more than 2 billion live on less than R25 per day), then how 
will the Planet/Less Developed/Africa support (respectively) 
11/10/4.5 billion people at the end of this century? 

Compared with a 1.5°C scenario, a 2°C global warming world 
is projected to significantly enhance warming over Africa, 
possibly by 3 to 6°C across the Sahel between 2050 to 2100 
(e.g. Graves et al., 2019). Yet even a 1.5°C increase is a 
challenge – how will agriculture respond? It will become even 
harder for African farmers to produce the crops and livestock 
needed to sustain its rapid growing population. And it is not 
so much the climate change over the long run, but rather the 
variabilities and fluctuations during this average change - the 
unpredictability of short-term and long-term variabilities. 

Because of the slow progress to reduce greenhouse gas emissions, 
climate-engineering — also known as geoengineering —emerged 
through Nobel Prize winner Paul Crutzen (Crutzen, 2006), and 

C L I M AT E  C H A N G E  O N  A  C H A N G I N G  P L A N E T A N D  A C R O S S  A  F R A G I L E  A F R I C A  /
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followed by others (see Royal Society, 2009; MacMartin et al., 2014; 
Seneviratne et al., 2018) as a potential means to counteract or at least slow 
the rates of warming while other mitigation strategies are implemented. 
The main relevant technology, albedo (refl ectivity) modifi cation, or global 
solar radiation management (SRMglob), is through sulfate injection into 
the atmosphere (SAI – Solar Aerosol Injection), or cloud brightening by 
spraying seawater into low-lying marine cloud formations thereby whitening 
clouds and increasing their albedo. However, such geoengineering at a 
global scale is a highly contentious issue, and while still in development 
mode raises important scientifi c, ethical and social concerns. Nonetheless, 
such engineering schemes are being discussed in earnest (https://keith.
seas.harvard.edu/albedo_modifi cation_v_cdr; Seneviratne et al., 2018; 
Jinnah and Nicholson, 2019; see also https://www.sciencedaily.com/
releases/2019/10/191028164351.htm). 

Most recently, greater local land management of radiative effects has been 
proposed to help counteract warming, in particular hot extremes in densely 
populated and important agricultural regions. Depending on crop growing 
periods and careful constraints on agricultural management, this approach 
avoids some of the shortcomings of global radiation management. Albedo 
increases from crops with high refl ectivity residues, such as wheat, but also 
to a lesser degree from other crops. On this basis, Seneviratne et al. (2018) 
propose that albedo modifi cation in agricultural regions could be performed 
potentially over large regional areas through land radiative management 
(LRMreg), especially if modifi cation of crop albedo is linked to biogeo-
engineering with natural, selected or genetically modifi ed refl ective varieties. 
Besides changes in agricultural regions, albedo may be controlled in urban 
areas (through refl ective buildings and pavements for example). Simulations 
by Seneviratne et al. (2018) indicate that LRMreg could potentially counteract 
the warming of hot extremes by up to 2 to 3°C across crop-producing regions.

Since vulnerable (human and natural) systems respond differently to changes 
in regional extremes than to changes in the mean global climate, should 
these biogeo-engineering technologies be considered when assessing 
regional-scale climate adaption and mitigation and hydro-ecosystem services 
across Africa? And how can agriculture across Africa help without creating 
cross-boundary confl icts?
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Transforming African 
agriculture as science 
advances and technology 
adapts

M illions of African subsistence farmers practising rain-fed 
agriculture are enormously affected by strong natural climate 
variability. Recently, and over the last three decades as 

balanced against two centuries, Africa has suffered from a plethora of 
record-breaking climatic extremes, frequency and intensity of floods, 
heat waves, severe storms and droughts, resulting in famines, mortality 
and substantial economic loss (Nicolson, 2001; Nangombe et al., 
2018). Global warming will likely increase the quantity of such shifts. 

Agriculture and food production must adapt to these climate 
variabilities, as population changes and science advances. Since 
all three remain controversial in terms of precision, there are many 
lessons to be learned still (e.g. Juma, 2011, 2016; Juma et al., 2005). 
Uncertainties about climate and population have been mentioned 
above; In addition, green-revolution monocultures on a systems level 
are not as productive as traditional agriculture (Shiva, 1996, 2000; 
Bourne, 2015), and ultimately shortcomings are linked directly to a 
population problem (Malhus, 1798 ; Borlaug, 2000; Bourne, 2015). 

Below therefore, as examples, the focus is on science-based advances 
using three recent studies with surprising results:

1. Some plants have a distinct mechanism for assimilating CO2 
from the atmosphere, with profound ecological consequences. 
Transforming agriculture into a carbon capture system therefore 
would be a significant achievement (Auerbach, 2013). But this is 
clearly not a simple system (e.g. Crowther et al., 2016, 2018; Melillo 
et al., 2017; Hovenden & Newton, 2018; Van Gestel et al., 2018). Rising 
CO2 concentrations in the atmosphere can fertilise plants, resulting 
in faster growth. However, this change is not the same for all plants, 
because it links with the rates of nitrogen mineralisation in soils; with 
shifts in microbial carbon-use efficiency; and with changes in soil 
chemical and microbial compositions during conversion from natural to 
agricultural ecosystems (e.g. Melillo et al., 2017; Hovenden & Newton, 
2018; Kamgan-Nkuekam et al., 2018).

“Africa has suffered 
from a plethora of 
record-breaking 
climatic extremes, 
frequency and 
intensity of floods, 
heat waves, severe 
storms and droughts, 
resulting in famines, 
mortality and 
substantial economic 
loss”
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A well-substantiated theory predicts (and evidence shows) that plant 
species that use the C4 photosynthetic pathway are less responsive 
to elevated CO2 than species that use only the C3 pathway. However, 
recent results from a new long-term experiment have shown a reversal 
from this expected C3-C4 contrast over time. Over the first 12 years of 
a 20-year free-air CO2 enrichment experiment with C3 or C4 grassland 
plots, biomass enhanced markedly at artificially elevated CO2 relative 
to ambient CO2 in C3 but not C4 plots, as expected. But as the 
experiments progressed with time, the response of C3 plants declined 
and C4 plant response strengthened. After 10 to 15 years, the response 
of C3 plants became negligible, and that of C4 plants strengthened, so 
that growth stimulation by CO2 in C4 plants exceeded that in C3 plants 
during the last 5 years of the experiment. Thus, biomass markedly 
enhanced at elevated CO2 relative to ambient CO2 in C4 but not C3 
plots. It turns out that these changes link to the soil nitrogen dynamics, 
and the effect of CO2 on net mineralisation rates as this mineral 
converted from organic to inorganic forms (Hovenden & Newton, 2018; 
Reich et al., 2018). 

Thus, soil net nitrogen mineralization rates, an index of soil nitrogen 
supply, exhibited a similar shift: elevated CO2 first enhanced but later 
depressed rates in C3 plots, with the opposite true in C4 plots, partially 
explaining the reversal of the biomass response with elevated CO2. 

This work challenges the current C3-C4 paradigm and that even the 
best-supported short-term drivers of plant response to global change 
might not predict long-term results (Reich et al., 2018).

The different growth rates of C3 and C4 plants responding to elevated 
CO2 has important climate change implications for agriculture 
systems and evolving soil chemistry (and other natural ecosystems 
in the Critical Zone). Earth’s future carbon sequestration potential 
could be far lower than predicted by earlier models. Thus, agriculture 
production involving C3 plants, such as wheat, rice and temperate 
pasture species might not increase with rising CO2 concentrations.

Natural and agricultural systems in which C3 and C4 plants grow 
together are likely to change as the competition balance alters with 
consequences for forage supply and its nutritional quality. Increased 
growth of C4 plants is even more likely into the future because of 
global warming, making them more competitive, with important 
implications for future crop production and ecosystems

Although only about 3% of global plant species are C4, they play a 
crucial role in savannas and grasslands, and contribute 25% of land 
biomass globally, provide forage for animals (natural and farm-
managed) and contribute 14 of the world’s 18 worst weeds. It is 

“This is a big deal 
– since such leaf 
bacteria may be 
widespread, and if 
transformed to crops 
this could help boost 
yields especially on 
marginal soils.”
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clearly important to predict the future distribution and 
abundance of C4 plants and thus grasslands across 
Africa. 

2. A second well-substantiated theory predicts that 
nitrogen fixation takes place only in bacterial-filled 
root nodules or inside plant tissues to provide nitrogen 
to their hosts. It is believed that the process is too 
sensitive to oxygen to work in leaves. However, an 
important recent discovery shows that nitrogen fixation 
also takes place between leave cells by bacteria that 
transform nitrogen directly from the air that a tree or 
plant needs to sustain rapid growth (Pennisi, 2015; 
Doty et al., 2016). This is a big deal – since such 
leaf bacteria may be widespread, and if transformed 
to crops this could help boost yields especially 
on marginal soils. Could such inoculated crops by 
bacterial nitrogen fixers reduce the needs for costly 
and environment-damaging artificial fertilizers?

Considering long-lived trees in natural, nutrient-
limited environments have had the longest time 
and the greatest need to select beneficial microbial 
strains from their environment, such pioneer tree 
species may therefore be the best source for effective 
inoculants. The microbiota of wild popular trees helps 
an exceptionally broad range of plant species, from 
grasses to conifers, to overcome nutrient deficiencies. 
A deeper understanding of the microbiome of this non-
nodulated, early successional pioneer plant species 
can provide insight on how to optimize this species’ 

biomass production, and also provide critical insights 
into how microbial endophytes can increase production 
of other bioenergy plant species and agricultural crops, 
while at the same time reducing reliance on chemical 
fertilizers (Doty et al., 2016). Further research is 
required to identify the best inoculants, especially for 
specific plant genotypes.

3. Because soils are the largest single terrestrial 
source of CO2 – about 70% of the terrestrial store – 
they are an enormous potential driver of variations 
in atmospheric CO2 levels. Yet there are still major 
uncertain implications for terrestrial CO2 sequestration 
in soils linked to the complexities of reorganisation of 
their microbes that struggle to readjust to changing 
environmental conditions during warming. Following 
near three decades-long experiments, it turns out 
that a much greater portion of the soil carbon-store 
is vulnerable to decomposition and release as CO2 
under global warming than had been recognised in the 
past - CO2 emissions increase with time as microbial 
communities reorganise with complex fluctuation 
during warming experiments (Melino et al., 2017; 
Metcalfe, 2017). This variability in the reorganisation of 
microbial communities in soils, which includes depletion 
of microbial accessible carbon pools, reduction in 
microbial biomass, shifts in microbial carbon-use 
efficiency and changes in microbial community 
compositions, all lead to unexpected and still poorly 
understood pulses of CO2 release during slow warming 
(Melino et al., 2017). In addition, microbial access to 
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carbon is limited by physical protection and by drought 
or wetting-induced shifts in hydrologic connectivity 
(Smith et al., 2017). Thus, there is a clear need to better 
understand and predict the vulnerability of soil carbon 
to decomposition and release of CO2 as soils respond 
to climate warming and reduction of water in the Critical 
Zone. This is especially so for Africa where, for example, 
biological encrusted layers on dryland soils (referred to 
as biocrusts) in regions like the Sahel, hosts some of 
the largest global areas of biocrusts. Currently these 
soils that cover 11 to 12% of the global surface are 
predicted to decrease by 25 to 40% over the next 50 
years (Rodrigues-Caballero et al., 2018), Thus, tailoring 
microbiomes of plants and microbes in soils to increase 
plant growth with reduced chemical inputs and CO2 
outputs requires many more long term experiments to 
be implemented with urgency.

These three examples, among many other ongoing 
scientific experiments across the globe, articulate 
that new innovative technologies develop, and be 
scrupulously tested (e.g. Juma, 2011, 2016; Juma et al., 
2005; Ronald and Adamchak, 2009, 2018; Stockstad, 
2020) to maximising food and biomass production in a 
sustainable way for tomorrow’s dinners in still bearable 
climate conditions, especially for Africa.

Clearly transforming agriculture into a significant 
carbon capture system remains full of unpredictable 
challenges for agro-engineering. Evidence-based 
examples verify the need for a greater link between 
science and farming, as long emphasised by Norman 
Borlaug, a Nobel Prize winner, often regarded as the 
‘Father of the Green Revolution (Borlaug, 2000). 

However, despite the successes of the Green 
Revolution, referring to a research and development 
of technology transfer initiatives between the 1930s 
and the late 1960s, based on the implementation of 
chemical fertilisers, the battle to ensure food security 
for hundreds of millions miserable poor people is far 
from won (e.g. Shenoy, 2020). Food insecurity will not 
disappear without new technology, whether developed 
from biotechnology or conventional agri-methods 
(Juma, 2016). However, large-scale chemical farming 
has proved to be disruptive to ecosystems and public 
health.

The Green Revolution dramatically changed the field of 
agriculture. Global agriculture productivity increased 
drastically as new synthetic fertilizers created crops with 
extra nutrients, and which resulted in increased yield by 
this, now known as ‘conventional’ farming. The synthetic 
herbicides and pesticides control weeds, deter and kill 
insects and pests, and prevented disease, which also 
resulted in higher productivity (e.g. Folger, 2014).

However, there are clear reasons to inculcate health – 
human and natural - lessons linked to artificial fertilizers 
and pesticides used in conventional farming, as first 
addressed seriously in the ‘Silent Spring’ of Rachel 
Carson almost 60 years ago (Carson, 1962), but which 
are still not always taken on board (e.g. Stockstad, 
2020). And why should conventional farmers ‘listen’, if 
demand for crop production must increase substantially 
throughout the 21st Century linked to population growth, 
more sophisticated diets and biofuels? It is not clear if 
this food delivery will be able to keep up with demand 
for linked resources in the Critical Zone, such as water, 
soils, ecosystems and added human addictions such as 
fertilizers and energy; and at the same time leave eco-
space for other species (e.g. IUCN, 2019)*. 

The question is whether linking science and technology 
to organic agriculture will be robust enough to meet the 
growing demand for food and fibre around the world, 
and whether it can better deal with carbon sequestration 
or albedo modification to constrain increasing regional 
and global temperatures. Clearly to test this, there is 
a growing need for renewed collaboration between 
agriculturists or, better, farmers, scientists, engineers 
and economists. 

Present organic farming schemes can only be one part 
of possible climate solutions given the implementation 
challenges when linked to population growth. Can 
Africa confront these challenges to help counteract the 
impacts of CO2 concentrations overshooting on the 
way towards temperature stabilisation?

Is organic farming as practiced for more than 6000 
years across Africa therefore the way to go forward? 
And if so how; how can it be made even smarter to meet 
the need of its population, which by the baseline time 
will have increased by 200% or more?

*IUCN, (2019). The Abu Dhabi call for global species conservation action. www.iucn.org/species/about/ species-survival-commission/
ssc-leadership-andsteering-committee/ssc-leaders-meeting-2019/ abu-dhabi-call-global-species-conservation-action.
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Re-designing African 
agriculture into new 
smart farming 
One of the global challenges to meet the 2050-
2060 baseline requirements, therefore, is the 
need to develop high-yielding crops that require 
minimal inputs of fertilisers and pesticides, so 
that impacts on biodiversity and ecosystem 
services may be minimized 
(Ronald and Adamchak, 2009, 2018; GEO 2018; Stockstad, 2020). 

The goal of conventional farming is high yields and inexpensive, 
often unhealthy, food at the expense of greater pollution of 
the Critical Zone. An alternative to the high input approach 

is to expand the number of organic farms across Africa, because 
organic farmers – ‘better farming through biology’ – do not use 
synthetic chemicals - and support higher levels of biodiversity 
than conventional farms (‘better farming through chemistry’). The 
goal of organic farming is health; health of the soil, the crops, the 
ecosystems, and the consumer; and there is accumulating evidence 
that organic farming in Africa, as elsewhere, could yield as much, for 
some crops, as conventional agriculture (e.g. Ronald and Adamchak, 
2009, 2018; Organic 3.0, 2016; Auerbach, 2019; Mokgolo et al., 2019). 

Organic farming can certainly help address the problems of 
environmental degradation associated with conventional farming, 
but 30% more land is needed if all agricultural land is organically 
farmed (e.g. Trewavas, 2006). This number is another quantitative 
uncertainty. But for organic agriculture to be successful in feeding 
the world (and Africa), substantial changes need to be made – 
recycling of organic waste for nutrients, changing crop varieties to 
stave off pests and reduce stresses; and reduce cattle so that more 
food can go to humans than animals (Ronald and Adamchak, 2009, 
2018; Muller et al., 2017).

Unfortunately, biodiversity value of land generally declines with 
increasing yield on a given piece of land; even organic farms usually 

R E - D E S I G N I N G  A F R I C A N  A G R I C U LT U R E  I N T O  N E W  S M A R T FA R M I N G  /

“Organic farming 
can certainly help 
address the problems 
of environmental 
degradation” But only 
“Genetic engineering 
(GE) has the potential 
to increase resistance 
of plants to insects 
and diseases; to adapt 
to environmental 
stresses like drought, 
floods, and heat for 
which there are no 
pure organic solutions 
presently; and thus 
increase productivity”
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host fewer species than original pristine ecosystems 
(Ronald and Adamchak, 2009; 2018). What this means 
is that even if Africa converts all of its agricultural land 
to organic farms, yields still need to increase to spare 
ecosystems and protect wildlife. Fortunately, organic 
farms are usually looking for ways to create more value 
per hectare, and one of the best ways is to increase 
yield (Guthman, 2004). However, this remains very 
challenging and raises the question of whether better, 
and local, geobio-engineering or genetic engineering is 
required to meet future challenges. 

Genetic engineering (GE) has the potential to increase 
resistance of plants to insects and diseases; to adapt 
to environmental stresses like drought, floods, and heat 
for which there are no pure organic solutions presently; 
and thus increase productivity. However, many in the 
organic communities view GE (GEC – Genome-Edited 
Crops through small precise internal changes to DNA, 
or GMO - Genetically Modified Organisms through 
inserting foreign genes) as a synthetic process. Yet, as 
with animal and flower breeding, the goal of geobio-
engineering is to alter the genetic make-up of the crop 
to produce a better product. Today millions of people 
worldwide are treated with GE medicines, and billions of 

people have eaten GE food for more than two decades 
without a single verifiable case of adverse effects to the 
environment or to human health (Ronald and Adamchak, 
2009, 2018). But there is significant controversial 
debate about these claims that blunt innovation (Hoy, 
2018; Wright 2018; GEO 2018; and follow Organic 
eprints at http://orgprints.org/). For example whilst 
GE food production has been exceptionally successful 
across Asia, in Africa (and ironically across the lands 
of former colonial masters such as Germany, France, 
the Netherlands and the United Kingdom) geobio-
engineering changes in agriculture, and especially 
GE, are often greeted with public scepticism; and is 
hampering its agricultural sciences through strict 
European Union rules (Juma, 2016; Flading, 2017; 
Nature Editorial, 2017; Burall, 2018; Wright, 2018). 
Indeed it is argued that its current GMO legislation is 
outmoded and not in line with scientific evidence (GEO, 
2018; Barrero and Higgen, 2020)*. 

South Africa is the only African country that grows 
genetically modified maize, producing 26% of sub-
Saharan maize in 2016-2017 across a relatively small 
land area of 2.6-million hectares. More than 80% of 
SA’s maize production is genetically modified, which 

*There has been a very slow uptake of GMO across Africa but, over the last 20 years, several countries including South Africa, Burkina 
Faso, Egypt and Sudan have introduced GM crops. In 2019 genetically modified (GM) cowpea (or Black Eyed Pea), with a microbial 
insecticidal gene resistant to a major pest, was approved for release to smallholder farmers in Nigeria, where cowpea is an important 
source of protein for over 200 million people, but much is imported, because the loss in yield due to insects is over 90%. Many more 
countries now have overcome political resistance and public fear, and passed laws to allow the cultivation of GM crops.
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is why in 2017 the country managed to harvest its 
biggest crop in history - 17.5-million tonnes - despite 
an outbreak of the fall armyworm – a new insect pest 
in over 30 African countries with almost 50% loss 
in maize production (Ngumbi, 2018). Whilst GM has 
been used to control fall armyworm with success in 
some countries, to protect the technology it will still be 
important to scout for damage in the crop and to have 
additional control strategies in place (Erasmus, 2017). 
Is it timely therefore to debate if Africa should follow 
SA and embrace GE in order to boost production and 
stall starvation (Sihlobo and Kapuya, 2018)? This is now 
clearly happening in the wheat industry.

Wheat is one of the major sources of food for much 
of the world, and is the most widely cultivated crop on 
Earth, contributing about a fifth of the total calories 
consumed by humans (IWGSC, 2018; Pennisi, 2018). 
Consequently, wheat yields and production affect the 
global economy, and failed harvests can lead to social 
unrest. To meet the demands of human population 
growth, there is an urgent need for wheat research 
and breeding to accelerate genetic gain as well as to 
increase and protect wheat yield and quality traits. 
Breeders continuously strive to develop improved 

varieties by fine-tuning genetically complex yield and 
end-use quality parameters while maintaining stable 
yields and adapting the crop to regionally specific biotic 
and abiotic stresses. Indeed, scientists have recently 
completed sequencing of a high-quality reference wheat 
genome and identified how the three ancestral genomes 
work at a genetic level to form a staple of human 
nutrition. These new breakthroughs have reignited 
the diverse aspects of wheat genome composition—
breeders and researchers now have the ability to rewrite 
the story of wheat crop improvement. (WGSC, 2018; 
Pennisi, 2018). Already this new genome has helped 
plant geneticists from the John Innes Centre (JIC) in 
Norwich, U.K., to boost grain size by 20% in lab-grown 
wheat, ushering in a new era in wheat genetics: “For 
the first time, people working in wheat have the quality 
of resources that people have in other crops” (Pennisi, 
2018). The wheat genome has finally come into sharp 
focus, speeding the search for genes that could boost 
harvests and even make wheat less likely to trigger 
allergies. 

Thus, whilst there is no scientific consensus on GE 
food (e.g. Hilbeck et al., 2015), it seems that the onus 
is on organic farmers and scientists to provide proof 

R E - D E S I G N I N G  A F R I C A N  A G R I C U LT U R E  I N T O  N E W  S M A R T FA R M I N G  /



2 6 /    A G R I C U LT U R E  T R A N S F O R M AT I O N 

that their farming products are healthier, sustainable and can increase 
in extent or quantity to meet population growth*, than organic farming 
that embraces scientific guided genetic modifications. In effect, GE-
linked science simply speeds up natural adaptive processes and/or 
classical breeding techniques that Darwin recognised, and played with, 
as evolution through natural selection. This new anthropogenic science 
and technology of today can help to feed healthily the 2050-2060 
baseline world and farther into the future; already this technology has 
become ‘simple’, one that scientists across the world, including Africa, 
are aiming to perfect for specific food needs. Clearly science advances 
and science-based evidence will vastly improve the gene editing 
technology into the future so that individual farmers can perhaps 
control the changes they need to reduce adverse environmental effects 
of their conventional farming, as for example must be done for Africa’s 
banana industry (Wight, 2018; GEO, 2018), and to take traditional 
breeding to the next level. This will help them to produce more food 
locally, driven by community concerns, without relying on, or being 
manipulated by, large cowboy-capital companies (GEO, 2018). But 
many experiences with GM crops have illustrated that simply trying to 
convince people the science is safe, and that they should accept the 
applications that emerge, is not enough; it will require new architecture 
for democratic debate between society and science, and more-nuanced 

“This is a big deal 
– since such leaf 
bacteria may be 
widespread, and if 
transformed to crops 
this could help boost 
yields especially on 
marginal soils.”

*This will also become more challenging if meat and dairy farming is included (e.g. Marin de Fonte, 2020).
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conversations about possible impacts (Burall, 2018); 
and it will require local expertise and transdisciplinary 
research at Africa’s universities and agriculture centres 
to be supported to a much greater degree than they are 
at present.

Similarly, organic fertilizers must be technically 
improved for Africa, because crop yields with 
synthetic mineral-fertilisers in tropical Africa are also 
unsustainable (e.g. Auerbach, 2013; 2019). For example, 
in comparing two systems aimed at improving food 
security in East Africa, the Millennium Village Projects 
(MVP) build on conventional farming systems using 
artificial fertilisers, against a European Project (EPOPA) 
that focused on natural fertilisers; at a fraction of the 
MVP cost, the EPOPA project was able to help 200,000 
farmers to be certified organic, giving them access to a 
high-value market. 

Elsewhere, long-term trials (by the Swiss Research 
Institute for Organic Farming) that compared 
conventional farming, organic farming (based on 
farmland manure), and biodynamic farming (based on 
compost), showed that significant increased yields 
were similar in all three systems, but that carbon 
capture in the soils decreased significantly (85%) in the 
conventional systems, whilst in the biodynamic system 
soil carbon levels in the soils retained a steady state 
(Auerbach, 2013, 2019). Moreover, long term results 
(more than 100 years) from trials at Rothamsted, UK, 
indicate that soil carbon levels can be maintained 
without large quantities of inputs, once soil biology is 
built up (Auerbach, 2013). However, recent work linked 
to new technical instrumentation, has shown CO2 and 
CH4 responses across organic and inorganic plantations 
are much more complicated and require further long 
term testing (e.g. Sebake, 2020).

To achieve such security, however, projects aiming 
to assist small-scale farmers who lack skills, access 
to training and efficient market linkages, must find 
ways to transform the present poorly developed 
agricultural institutions across Africa to allow greater 
experimentation over long periods. This is something 
the MVP could not or did not implement, and therefore 
its effectiveness has not yet been tested thoroughly; 

and it has faced criticism for failing to set up a 
rigorous experiment to advance the science of global 
development in a significant and trusted way (Tollefson, 
2015). It appears that science funding agencies in and 
for Africa only seriously invest, for example, in high 
technology linked to astronomy as with the Square 
Kilometre Array (SKA), and mini-centres that feed high-
cost particle labs like CERN. Perhaps this reflects that 
Millennium Village experiments need to be radically 
reorganised though African expertise at African agro-
centres like the George Campus of Nelson Mandela 
University, provided they be well equipped in science 
hubs and high technology centres.

Clearly, across all of Africa, transforming connectivity 
between scientific evidence and government decision-
making about food, infectious disease outbreaks, 
hunger and other human crisis, the use of genetically 
modified crops, climate change and other pressing 
issues, will require greater input of scientists and 
engineers and politicians (Jarvis, 2016). Can Africa build 
an ‘Agriculture Africa Array’?

R E - D E S I G N I N G  A F R I C A N  A G R I C U LT U R E  I N T O  N E W  S M A R T FA R M I N G  /
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Closing agriculture gaps 
in Africa for Africa whilst 
building trust through 
Citizen Science 

C losing gaps between science and government, between natural 
and social sciences, is not possible when whole sectors of 
society are rejecting experts and evidence in favour of political 

ideology, as is happening across Africa with regard to acknowledging 
climate change, food-water security and ecosystem services. 
Sustainably feeding its growing population that will reach 2.5 billion 
people by the start of the baseline year (2050) and 4.5 billion 50 
years later is a grand challenge, and one that is particularly difficult in 
regions that are dominated by smallholder farming (Cui et al., 2018; 
Sinyolo and Mudhara, 2018).

Africa needs the social sciences to understand better why social 
change is not happening at the pace or in the direction that natural 
scientists would like to see, despite all their efforts over the last 
decade or so (Juma, 2016). There is a need for more focus on 
collaborative, transdisciplinary (agro-) system science: what is the 
system and how does it change? How to engage better when, and 
why, people blame a system for working too well (you can’t beat the 
system) or not well enough (it always breaks down)? By integrating 
social and natural sciences perspectives, and establishing better 
dialogue with citizens who are not academic stakeholders, through 
Citizen Science, as a means to reaching out, building trust, opening 
up for more rapid change, both agro-scientists and politicians can 
be helped to understand citizens’ concerns about, for example, food 
security and linked health opportunities (Chivenge et al, 2015; Siskin, 
2016; Ellis, 2019; AEON, 2020) . 

If the aim is to pursue sustainable productivity collectively with 
millions of smallholder farmers across Africa, Africans need to know 
or articulate better what people in Africa care about, what risks they 
are prepared or not to accept; and why (Juma, 1989; Juma, 2016; 
Sinyolo & Mudhara, 2018 ).

A good example of re-establishing public trust in scientific evidence 
through transparency, and participatory research between scientists 
from academia, government and industry is well illustrated by the 
Pew Initiative on Food and Biotechnology (2001). This initiative 

“Africa needs the 
social sciences to 
understand better why 
social change is not 
happening at the pace 
or in the direction 
that natural scientists 
would like to see.”
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was an important contribution to the public debate on 
agricultural biotechnology - it reveals that many people 
do not know or even care about genetically modified 
food. The focus was on an extremely contentious effect 
of monarch butterflies on corn designed to be insect 
resistant by genetically engineering it to produce a toxin 
derived from bacteria, which in its natural form is used 
as a bio-pesticide by organic and conventional farmers. 
Virtually all participants accepted that any acute threat 
was negligible especially compared to other threats such 
as conventional pesticides. But scientists reviewing food 
safety testing requirements commented, rightly so, that 
rigorous and transparent testing protocols are required for 
all GE products (http://www.fao.org/docrep/006/Y5316E/
y5316e00.htm#Contents).

An even more successful approach for a more sustainable 
future on a crowded planet on which presently some 
2.5 billion smallholders together farm some 60% of 
the world’s arable land, is the impressive decade-long 
experiment in China, involving millions of farmers 
that demonstrates an evidence-based approach to 
sustainability (Cui et al., 2018). Here, the scale of its 
research network involved 1200 research farmers, 65 000 
local officials, 140 000 industry representatives and 21 
million farmers across 38 million hectares, resulted in 
staggering increases in rice and wheat output (11%) and 
decrease in use of damaging fertilisers (15 to 18%). Africa 
could benefit from a similar approach provided regional 
infrastructure and central control were more efficient, 
and given greater backing of agro-scientists by African 
governments, as in China (Nature Editorial, 2018; Cui et 
al., 2018; Wu et al. 2020). 

Transdisciplinary consciousness, more than anything will 
change the food markets and contribute to effectively 
addressing the expanding obesity and health crisis 
across the continent through its complex geographic 
connectivity; but will fail across Africa if education 
about agriculture and food production is not improved. 
Failing this, things will and do change ‘overnight’, some 
likely with severe consequences for African agricultural 
exports to Europe, India and China, for example. Can 
Africa predict decreases or increases in agro-exports 
into the future; particularly where the production of food, 
fruit or flowers is linked to concepts of virtual water in a 
climate environment that faces water scarcity? How will 
that affect markets for African farmers? 

The need for increased public dialogue across Africa 
about what kind of food and agriculture it wants and 
needs, and how expropriation of land, with or without 
compensation, can meet these requirements or not. 
Radical agricultural transformation is required, from 
scientific research to on-farm implementation, from agro-
education to markets.

This requires Citizen Science - linking community 
organisers, policy experts, scientists, engineers and 
farmers from non-profit organisations, universities and 
multiple government agencies to work together to avoid 
entangled problems with industrialised agriculture 
systems, market changes and climate change (Reganold 
et al., 2011; Ellis 2019; AEON 2020). And, understanding 
sustainable agricultural practices from the past, re-
tracing traditional knowledge in decolonised countries, 
fused with modern science advances can help everyone 
address balanced food requirements with ecosystem 
services against changing climates and growing 
inequality.

It has been shown that in the developed countries, 
unequal ownership of assets, not unequal pay, was and 
will be the prime driver of income disparities. If this is 
true, it will be interesting to see how the politics and 
re-distribution of income and wealth will pan-out in 
Africa, especially for land and other natural resource 
owners (Juma and Ojwang, 1996). How will efficient food 
productivity in Africa respond to this? If economic growth 
slows and exchange between exploding technology and 
decrease in labour emerge– a redistribution of income 
between labours towards holders of capital will increase, 
with wage surges at the top and greater inequality at the 
bottom. This is the case today in the northern hemisphere 
with the radical rise of super-salaried managers, who are 
now also emerging across Africa, particularly in SA (e.g. 
Piketty, 2014; Boushey et al., 2017). Can public policies 
through Citizen Science make the difference through 
better understanding of the dynamics of food insecurity, 
the evolution of inequality and slave capital that still 
exists across Africa? 

Finally, and briefly, let us ask what more can we learn 
about food insecurity from the history of colonialism 
outside of Africa? 
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Agriculture and the 
Land in Africa – 
Learning from the 
past again
The dispossession of land has had 
devastating effects on agriculture and 
forestry throughout Africa over the last 
400 years or so. 

R e-establishing agricultural practices, within a 
framework of traditional land use practices that 
already embody ecological principles, yet which 

must now feed its rapidly expanding population across 
Africa, remains closely linked to the issues of land, its 
ownership and rapidly evolving science and technology 
(Juma, 1989, 2011, 2016; Juma, et al., 1994).

How does this compare to similar experiences 
elsewhere in the past? What can be learned from this 
history to better prepare Africa to address evolving 
climate and environmental change; destruction 
of forests, increasing food shortage and growing 
unemployment; indeed famine and death across this 
continent? 

“Of all possessions in a country Land is the most 
desirable. It is the most fixed. It yields its returns in 
the form of rent with the least amount of labour or 
forethought to the owner. But, in addition to all these 
advantages, the possession of it confers such power, 
that the balance of power in a state rests with the class 
that has the balance of Land.”

“The laws of the states of Europe since the days of the 
Northern invasions have been made by the landowners. 
They have enabled to prescribe to the mass of the people 
on what conditions they shall live on the land, or whether 
indeed they shall live there at all.” 

 “The term ‘Settlement’ is of such great import” in 
colonised Ireland between 1652 to 1922, as elsewhere 
during colonisation across Africa in the 1600-1900s by 
the Commonwealth of England, and “means nothing else 
than the settlement of the balance of land according 
to the will of the strongest; for force, not reason, is the 
source of law”. 

The Quotations are from ‘The Cromwellian Settlement 
of Ireland’ by Pendergast (1865). 

Negative effects on agricultural across Ireland started 
in the early 1600s, following colonisation of Northern 
Ireland (the plantation of Ulster). Successful agricultural 
production by the mass of the people for the people on 
their own land never materialised in Ireland until well 
after the devastating famines of 1740-1741 and 1845-
1849 and 1852 (Figure 2), which became a watershed 
in the history of Ireland, and permanently, albeit 
slowly, changed its landscape towards improved food 
production and security of tenure during a long history 
to resurrect its own identity (e.g. English, 2006; Bardon, 
2011; Bartlett, 2018)

Similarities between Ireland and Africa during their 
long histories before and after independence are 
striking and illuminating. Following the 1916-1921 
war of independence, Ireland became a Free State 
that renamed itself Ireland only in 1937. In 1949 
Ireland became a Republic, definitively ending its 
tenuous membership of the British Commonwealth, 
yet remained poor; until in 1973 it joined the European 
Communities, which changed Ireland into what it 
is today – prosperous – linked to scientific-based 
agriculture and ecology.

What lessons can, nay must Africa learn from that long 
history of poverty and famines during colonial Ireland 
that evolved into its socio-economic freedom today. 
Given the knowledge of recurring famines across many 
regions of Africa, continued food-insecurity and lack of 
land security elsewhere across the continent, in a space 
where ecosystem services are declining, what must be 
striven for?
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“Of all possessions in a country Land is the most desirable. It is the 
most fixed. It yields its returns in the form of rent with the least amount 
of labour or forethought to the owner. But, in addition to all these 
advantages, the possession of it confers such power, that the balance 
of power in a state rests with the class that has the balance of Land.”
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So much still to do
It is not immediately clear if small-scale farming 
will out-play or be more competitive than large-
scale farming across Africa, organic or not. This 
still needs considerable analysis; and an onus is on 
a young generation of Africans to carefully address 
their history with the future in view as they consider 
the type and styles of farming, including indigenous 
African practices, rigorously within the greater 
context of global and regional climate fluctuations 
(Auerbach 2019; AEON, 2020).

A lready in 1798, Malthus was engaged with the notion that rise in 
population would bring about poverty and the resulting hunger 
would end in revolutionary chaos everywhere, as indeed it did 

in Ireland during colonisation, and for example in France, Russia and 
China during the onset of their Revolutions. How will this pan out 
across Africa, and in RSA? Can the land be farmed effectively in the 
midst of similar radical transformation as elsewhere in the past; and 
still be healthy thereafter? And how, by whom? What steps will lead 
small-scale farmers to become efficient producers; and how will they 
produce healthy food profitably without destroying the environment and 
the last of Earth’s large mammals?

The need for improved agriculture, ecological stewardship and long-
term natural resource conservation through access and ownership 
of land for Africans by Africans is still deeply disputed and debated 
across the continent (e.g. Juma and Ojwang, 1996), and is especially 
relevant for South Africa today (Sinyolo and Mudhara 2018; *). In 
addition, and unlike in Ireland, access to water resources is a linked 
controversy in Africa that many predict will lead to water wars (e.g. 
Ashton, 2002, 2007; de Wit and Stankiewicz, 2006). In that context, 
the opportunities for innovations to increase food production with 
reduced water use, through better small and large-scale farming and 
optimised crop distribution, must surely be collectively addressed, and 
scientifically evaluated, across all of Africa (e.g. Davis et al., 2017). As 
agriculture accounts for the vast majority of social freshwater demands 
(Hoekstra and Mekonnen, 2012), value added taxes for virtual water will 
have to be considered by African regulators.

“With uncontrolled 
climate variability, 
there will be increased 
costs for agriculture 
and, in places, 
benefits, associated 
with shifts in crop 
cultivated and the 
water available for 
those crops”
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Furthermore, a clear understanding of different 
interpretations of the potential issues, and precise 
meanings related to climate change, such as 
‘increase in global temperature’ and ‘pre-industrial’ 
will have large effects on mitigation requirements 
and corresponding social and political responses in 
Africa (e.g. Schiermeier, 2011; Tollefson 2013; Juma, 
2016; Schurer et al., 2018). In addition, half of Africa 
must be set aside for natural systems if it wishes to 
retain its unique natural ecosystem services for future 
generations (Anderson, 2001; Anderson and de Wit 
2008; Anderson et al., 2008; Wilson, 2016; Costanza 
et al., 2017; IUCN, 2019*; AEON, 2020). This requires 
conflicts between nature and agriculture to be resolved 
better. Transforming agricultural landscapes to become 
less hostile to other species at a time of approaching 
tipping points for climate change and fresh surface 
water therefore remains an enormous challenge for food 
security and poverty reduction (Mehrabi et al., 2018).

This further challenges agriculture to improve Africa’s 
land requirements for tomorrow’s consumers from its 

60%, and growing, urban population and more than 
50% unemployed youth. With uncontrolled climate 
variability, there will be increased costs for agriculture 
and, in places, benefits, associated with shifts in crop 
cultivated and the water available for those crops (e.g. 
DiMento & Doughman, 2007). Since climate change and 
increasing population movements are global Commons 
problems, broad global cooperation is needed to 
address them. Agreements that are seen as equitable 
can lead to cooperation that is more effective. The 
chances of keeping warming to tolerable levels can 
only improve if there is a robust and productive 
conversation about fairness and equity (e.g. Kartha et 
al., 2018).

No-one can see a century ahead, but scientists and 
social economists are getting better by the day at 
understanding rapid system failures (e.g. Piketty, 
2014; Siskin, 2016; Wilson, 2016; Boushey et al., 2017; 
Costanza et al., 2017; Bathiany et al., 2018). No one of 
course can predict catastrophes, and there are many 
real fluctuations linked to climate that might change 

* https://www.enca.com/south-africa/highlights-land-debate-at-unisa-heats-up; https://www.huffingtonpost.co.za/2018/03/16/a-
guide-to-south-africas-land-debate-for-nervous-people-and-foreigners_a_23386777/
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future trends and actions, but in general, the predictions are that we 
will see a greater number of severe oscillations in temperatures and 
precipitations that will affect the outcomes for agriculture.

The dynamics of inequality, globally and across Africa, as measured by 
the Gini coefficient, and social mobility, especially downward mobility 
are allowing the past to devour the future; as with climate change and 
the resource curses. A younger generation is facing uncertain future 
(Juma, 1989, 2016; Piketty, 2014). 

But climate and population changes, induced by the Anglo-Saxons and 
more recently accelerated across Asia, are facts that Africa must deal 
with.

After the 7 Millennium Development Goals, which expired in 2015*, 
UN data shows that no African country is yet on track to reach targets 
associated with ending hunger, achieving food security, improving 
nutrition and ending stunted growth (Annan, 2018; Osgood-Zimmerman 
et al., 2018). Thus, an Africa that is facing more frequent climate 
fluctuations will need new evidence-based science and technology 
as well as significant investment in education for all farmers across 
Africa, big and small to accelerate towards a brighter farming and 
ecosystem future. And Citizen Science, linked to technology, must be 
involved to help feed all (Chivenge et al, 2015; Ellis 2019; AEON, 2020).

The Afro-Irish clock is ticking; and this time ‘there is no planet B’**. 

* At a 2015 summit heads of state and governments pledged new concrete action and signed up to a new set of Sustainable 
Development Goals (SDGs), this time a package of 17 goals and associated targets for ending hunger, eliminating extreme 
poverty, reducing inequality, tackling climate change and halting the loss of biodiversity and ecosystems — all by 2030. With 
the deadline now a decade away, the world is likely set to miss (again) most of the SDGs (Nature Editorial, 2020).

** Mike Berners-Lee (2019)

“Africa that is facing 
more frequent climate 
fluctuations will 
need new evidence-
based science and 
technology as well as 
significant investment 
in education for all 
farmers across Africa”
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