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In 1798, Thomas Robert Malthus published ‘An essay on the principle of population’ in
which he concluded that: ‘The power of population is so superior to the power of the
earth to produce subsistence for man, that premature death must in some shape or other
visit the human race.’ Over the following century he was criticised for underestimating
the potential for scientific and technological innovation to provide positive change. Since
then, he has been proved wrong, with a number of papers published during the past few
decades pointing out why he has been proved wrong so many times. In the present paper,
I briefly review the main changes in food production in the past that have allowed us to con-
tinue to meet ever growing demand for food, and I examine the possibility of these same
innovations delivering food security in the future. On the basis of recent studies, I conclude
that technological innovation can no longer be relied upon to prove Malthus wrong as
we strive to feed 9–10 billion people by 2050. Unless we are prepared to accept a wide
range of significant, undesirable environmental consequences, technology alone cannot pro-
vide food security in 2050. Food demand, particularly the demand for livestock products,
will need to be managed if we are to continue to prove Malthus wrong into the future.

Food security: Food production: Dietary change: Food demand: Agriculture

‘An essay on the principle of population’ was published
in 1798 by Thomas Robert Malthus. In that essay,
Malthus concluded that: ‘The power of population is so
superior to the power of the earth to produce subsistence
for man, that premature death must in some shape or
other visit the human race’(1). Over the following century
this conclusion was criticised, with Karl Marx one of his
notable critics(2), and was further criticised for underesti-
mating the potential for scientific and technological inno-
vation to provide positive change. ‘Malthus bashing’ has
been a popular sport ever since, with a number of papers
published during recent decades pointing out why he has
been proved wrong so many times, e.g.(3). In this short
paper, I briefly review the main changes in food pro-
duction in the past that have allowed us to continue to
meet ever growing demand for food, before examining

the possibility of similar innovations delivering food
security in the future.

The challenge of feeding 9–10 billion people by 2050

Feeding 9 billion people by 2050 presents an enormous
challenge(4). A number of options have been proposed,
making the difference between the attainable yield and
that actually realised smaller (i.e. including closing the
yield gap), increasing the production potential of crops
through investment in research and the use of new technol-
ogies), expanding aquaculture, reducing waste or changing
diets, all of which would need to be coordinated globally(4).

As outlined by Smith & Gregory(5), at the same time as
delivering food security, there is a pressing need to
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decrease the climate impact of food production(6), and to
improve the resilience of food production to future en-
vironmental change(7). Non-climate-related needs in-
clude the need to protect our freshwater resource(8),
protect biodiversity(9), move towards healthier diets(10),
and to reduce the adverse impacts of food production
on a whole range of ecosystem services(11). In the follow-
ing sections, I briefly outline how food production has
increased to meet demand in the past, before examining
how this might be achieved in the future.

How food production has increased to meet increasing
demand in the past

Historically, in the era before industrial fertilisers, pro-
ducing more food largely meant converting more land
to agriculture. Historically, the expansion of agriculture
into forests and natural ecosystems(12) has contributed
significantly to the loss of ecosystem services. Much of
this loss of forest and other natural systems had occurred
many centuries ago in Europe, East Asia, South Asia
and parts of Africa, but has occurred more recently in
North America and the populated parts of Oceania.
Ramankutty & Foley(13) produced maps showing the ex-
pansion of cropland area from 1700 to 1992, showing
both the spread of cropland (the spread from east to
west in North America is particularly apparent) and its
intensification in all regions. Before about 1900, agricul-
tural expansion was the most prominent way to increase
food production, but after the advent of industrial min-
eral fertilisers(14), it was possible to also dramatically
increase productivity on the same land. Even with pro-
ductivity (output per unit area) increasing, the spread
of agricultural land onto native ecosystems was still
clearly visible across North America and South
America in 1900–1940, in the former Soviet Union
1940–1960 and South East Asia 1980–1990. Expansion
in some regions, particularly South East Asia continues
to this day. Despite this expansion of agricultural land,
the main increase in production since 1960 has been
through increased yields per unit area, characterised by
the ‘Green Revolution’ in the USA in the 1940s followed
in developing countries over the following decades(15).
Cereal production (wheat, maize and rice) has increased
from 877 million t in 1961 to 2342 million t in 2007, the
world average cereal yield has increased from 1·35 t/ha in
1961 to 3·35 t/ha in 2007, and is projected to be about
4·8 t/ha in 2040. Simultaneously, per-capita arable land
area has decreased from 0·415 ha in 1961 to 0·214 ha in
2007(16). Had the increases in yield of the last 60–70
years not been achieved, almost three times more land
would have been required to produce crops to sustain
the present population; this is land that simply does not
exist or that is unsuitable for cropping(5).

So intensification has been essential, but has resulted
in many undesirable outcomes, including air, water and
soil pollution(17) with agrochemicals and surplus nutri-
ents, increased climate forcing(18), resources depletion(19),
high fossil energy inputs(14) and habitat/biodiversity
loss(11).

During the past century, then, while agricultural area
expansion has continued, the emphasis for increasing
food production has shifted towards intensification, i.e.
the increased production of agricultural products per
unit area, but this intensification has come at a cost to
the environment. The environmental costs of future
intensification, if implemented in the same way, would
be too great, meaning that future intensification needs
to be sustainable(20,21). In the next section, I examine if
sustainable intensification could, by itself, again prove
Malthus wrong, as agricultural expansion has done
over centuries, and intensification did over the past 7–8
decades.

Can sustainable intensification deliver food security
by 2050?

As noted in the section ‘Can sustainable intensification
deliver food security by 2050?’, increased income and
changes in diet have been accompanied by substantial
increases in crop and animal production (2·7-fold for
cereals, 1·6-fold for roots and tubers and 4·0-fold
for meat(22)). Bruinsma(12) estimated that 78 % of the
increase in crop production between 1961 and 1999 was
attributable to yield increases, and 22 % to expansion
of harvested area. Of the world’s 13·4 billion ha land
surface, about 3 billion ha is suitable for crop pro-
duction(12) and about one-half of this is already culti-
vated (1·4 billion ha in 2008). The remaining,
potentially cultivatable, land is currently beneath tropical
forests, so conversion to agriculture is highly undesirable
because of the effects on biodiversity conservation,
greenhouse gas emissions, regional climate and hydrolo-
gical changes, and because of the high costs of providing
the requisite infrastructure(16,23). According to these pro-
jections(12), expansion of agricultural area will still con-
tribute significantly to crop production in Sub-Saharan
Africa (27 %) and Latin America and the Caribbean
(33 %), but there is practically no land available for ex-
pansion of agriculture in South and East Asia and the
Near East/North Africa sustainable intensification is
expected to be the main means of increasing production
in these regions(5). Smith(21) provided an overview of the
options for sustainable intensification, and concluded
that it had an essential role to play, but speculated that
alone, it could not deliver food security by 2050.
Studies have shown the importance of demand-side mea-
sures(24–26). Recently, a new study has quantified the po-
tential role of sustainable intensification in meeting
global food requirements, and it showed that sustainable
intensification alone cannot deliver food security; de-
mand management appears to be essential(27). Bajželj
et al.(27) found that delivering more food for 2050 by sus-
tainable intensification, through yield gap closure, could
reduce baseline cropland area, forest area loss, total
greenhouse gas emissions and water use relative to a
baseline of current yield trend, but would still lead to
expanded agricultural area. The addition of demand-side
options (healthy diet, plus waste reduction by 50 %)
could deliver enough food but also allowed a decrease
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of cropland and pasture area, an increase in forest area
and a reduction in greenhouse gas emissions, not just
relative to the baseline, but also in absolute terms
compared with the present. The addition of demand-side
options provided better environmental outcomes across
all indicators (except for a light increase in fertiliser
use) relative to the current yield trend baseline. They
concluded that improved diets and decreases in food
waste are essential to deliver emissions reductions and
to provide enough food for the global population of
2050(27).

Conclusions

Malthus has been proved wrong many times since his
essay in 1798. Between the time of his essay and the
advent of industrial fertilisers, the predominant
means of increasing food production was to expand
the agricultural area. In some regions, this expansion
continues, though its contribution to increased food
supply accounted for only about 22 % between 1961
and 1999(12). Since industrial fertilisers became avail-
able in about 1900, increasing per-area productivity
allowed agricultural intensification, providing more
agricultural output per unit area. Coupled with
increased mechanisation and other scientific and tech-
nological developments, intensification became the

dominant force in increasing food supply, particularly
after the Second World War. That intensification came
at the cost of a range of adverse environmental out-
comes, and future increases in agricultural output
will need to be through sustainable intensification.
Sustainable intensification will be able to deliver a
portion of the increased food supply required by
2050, but recent studies suggest that, by itself, will
not be able to deliver food security. Instead, food de-
mand will need to be managed, particularly with re-
spect to the consumption of livestock products, and
through reduced waste. We will prove Malthus wrong
again and feed 9–10 billion people by 2050, but this
time it will not be technology alone that allows us to
do so. This time we will need to manage demand, as
we are already pushing at the limits of a number of
planetary boundaries, which we cannot sustainably
exceed(28). Fig. 1 provides a schematic representation
of the different means by which we have proved
Malthus wrong in the past, and a projection of how
we might do so in the future.

We are leaving the era where technology can deliver
our ever increasing levels of consumption, and are enter-
ing one where will need to start managing our demand.
This will no doubt be politically and socially more chal-
lenging than developing techno-fixes, but is essential if
we are to continue to prove Malthus wrong without
wrecking our planet for future generations.

Fig. 1. Schematic representation of how agricultural area expansion, intensification and
demand change have contributed to increased global daily food requirement in the past,
and might do so in the future. Approximate global daily food requirement was calculated
by multiplying total global population(29) (linear interpolation between dates; 1500, 1600,
1700, 1750, 1800, 1850, 1900, 1950, 1999, 2008, 2010, 2012, 2050) by the mean global
per-capita food consumption for 1997–1999 of ∼11715·2 kJ (2800 kcal) per capita per
d(30). Estimated global daily food requirement values are shown in Peta calories (Pcal =
1015 cal). Agricultural expansion was assumed to be responsible for meeting additional
demand until industrial fertilisers became available, with the relative contribution of
expansion assumed to decline to 22 % by 1999(12), and intensification through industrial
fertilisation, irrigation and mechanisation becoming the dominant means to meet growing
demand. The future failure of intensification to meet increasing food demand to 2050 is
demonstrated by Bajželj et al.(27), but the relative contribution of demand management
and intensification in the future remains unquantified, and should be viewed as schematic
rather than quantitative.
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