Chapter
48 48
Chapter
HowHow
to Feed
the 21st
Century?
to Feed
the 21st
Century?
is Science
and and
Technology
The The
Answer
is Science
Technology
Answer
N. E. Borlaug
N. E. Borlaug

INTRODUCTION
INTRODUCTION
It is a It
pleasure
to participate
in thisinInternational
Symposium
on theon
Genetis a pleasure
to participate
this International
Symposium
the Genetof Heterosis
in Crops,
the first
of its of
kind,
underics andicsExploitation
and Exploitation
of Heterosis
in Crops,
themeeting
first meeting
its Ikind,
I understand, stand,
in the in
last
years.
the47last
47 years.
continuous
involvement
in food
I am now
my in53rd
I am innow
my year
53rd of
year
of continuous
involvement
in production
food production
in
programs
in developing
nations.
DuringDuring
this period,
I haveI seen
progress
programs
in developing
nations.
this period,
havemuch
seen much
progress
in
increasing
the yield
and production
of various
crops,crops,
especially
the cereals,
in
increasing
the yield
and production
of various
especially
the cereals,
in
many many
food-deficit
countries.
Clearly,
the research
that backstopped
this progress
food-deficit
countries.
Clearly,
the research
that backstopped
this progress
has produced
huge returns.
Yet, despite
a morea than
in the in
world
food suphas produced
huge returns.
Yet, despite
moretripling
than tripling
the world
food supply during
the past
the so-called
GreenGreen
Revolution
in cereal
producply during
thethree
past decades,
three decades,
the so-called
Revolution
in cereal
producof chronic
under under
nutrition
for hundreds
of millions
tion has
not
solved
the problem
tion
has
not solved
the problem
of chronic
nutrition
for hundreds
of millions
of poverty-stricken
peoplepeople
aroundaround
the world
who are
to purchase
the food
of poverty-stricken
the world
whounable
are unable
to purchase
the food
or underthey need,
its abundance
in world
markets,
due todue
unemployment
they despite
need, despite
its abundance
in world
markets,
to unemployment
or underemployment.
employment.
The invention
of agriculture,
some 10
00010to000
12 000
the the
The invention
of agriculture,
some
to 12years
000 ago,
yearsheralded
ago, heralded
of civilization.
It began
with rainfed,
hand-hoe
agriculture,
whichwhich
evolved
dawn dawn
of civilization.
It began
with rainfed,
hand-hoe
agriculture,
evolved
into aninto
animal-powered,
scratch-tooled
agriculture,
and finally
into aninto
irrigated
ag- agan animal-powered,
scratch-tooled
agriculture,
and finally
an irrigated
riculture
along along
the Euphrates
and Tigris
rivers rivers
that for
theforfirst
hu- huriculture
the Euphrates
and Tigris
that
thetime
first allowed
time allowed
of permanent
mankind
to produce
food surpluses.
This permitted
the establishment
mankind
to produce
food surpluses.
This permitted
the establishment
of permanent
settlements
and urban
societies
which,which,
in turn,
culture,
sciencescience
and and
settlements
and urban
societies
in engendered
tum, engendered
culture,
offall
ancient
civilizations
in the in
Middle
East and
technology.
The rise
technology.
Theand
risefall
and
of ancient
civilizations
the Middle
EastMesoand MesoAmerica
were directly
tied totied
agricultural
successes
and failures,
and it and
behooves
us
America
were directly
to agricultural
successes
and failures,
it behooves
us
to remember
that this
still remains
valid today.
to remember
thataxiom
this axiom
still remains
valid today.

ORIGINS
OF FOOD
CROPCROP
SPECIES
ORIGINS
OF FOOD
SPECIES
We will
know know
with certainty
when when
naturenature
first began
inducing
geneticgenetic
Wenever
will never
with certainty
first began
inducing
diversity,
making
recombinations,
and exerting
selection
pressure
on theon
progenidiversity,
making
recombinations,
and exerting
selection
pressure
the progenitors oftors
the of
plant
that would
be chosen
much much
later by
man
his as
food
the species
plant species
that would
be chosen
later
byasman
his crop
food crop
species.
But asBut
theasMesolithic
Age gave
the toNeolithic
there suddenly
ap- apspecies.
the Mesolithic
Age way
gavetoway
the Neolithic
there suddenly
peared,peared,
in widely
dispersed
regions,
the most
successful
group group
of plant
in widely
dispersed
regions,
the highly
most highly
successful
of and
plant and
Neolithic
domesticators.
WithinWithin
animalanimal
breeders
that the
world
has ever
breeders
that
the world
hasseen--tbe
ever seen-the
Neolithic
domesticators.
a relatively
short geological
period,period,
apparently
only 20
to 20
30 to
centuries,
Neolithic
a relatively
short geological
apparently
only
30 centuries,
Neolithic
theof
major
cereals,
grain grain
leg- legman, or
more
woman,
domesticated
all of all
man,
or probably
more probably
woman,
domesticated
the major
cereals,
umes, umes,
root crops,
and animal
speciesspecies
that remain
to thistoday
humankind's
prin- prinroot crops,
and animal
that remain
thisasday
as humankind's
of food.
cipal sources
cipal sources
of food.

I

1
WI 53711,
Copyright
© 1999
677 South
SegoeSegoe
Road, Road,
Madison,
© ASA-CSSA-SSSA,
1999 ASA-CSSA-SSSA,
677 South
Madison,
WI 53711,
Copyright
USA. USA.
The Genetics
and Exploitation
ofHeterosis
in Crops.
The Genetics
and Exploitation
ofHeterosis
in Crops.
5W

5f!I

I

I '

d,

510

HOW TO FEED ""'F. 21 ST CENTURY

BORLAUG

Agriculture and animal husbandry spread mpidly from their cmdles of origin across vast areas of Asia, Africa, Europe, and the Americas. These migratory
diffusions were in large part possible because of the tremendous genetic diversity
that existed in the original land races and populations of the domesticated crop
plants. This genetic variability permitted-with the aid of continued mutations,
natural hybridizations, and recombination of genes--the spinning off of new
genotypes that were suitable for cultivation in many environments.
The groundwork for genetic improvement of crop plant sgecies by scientific man
was laid by Darwin in his writings on the variation of life species (published in
1859) and through Mendel's discovery of the laws of inheritance (reported in
1865). Darwin's book immediately generated a great deal of interest, discussion,
and controversy; however, Mendel's discovery was largely ignored at first. Nearly
40 years transpired before these two strands of scientific though were joined by
Carl Correns, Erich Von Tschermak, and Hugo De Vries, in independent studies.
This rediscovery of Mendel's laws in 1900 provoked a tremendous scientific interest in genetics. The fact that Mendel had worked out his principals on a plant [the
sweet pea (Pisum sativum L.)] encouraged many to prepare themselves for a career
in applied plant genetics.
It was recognized early on that inbreeding leads to reduced vigor in the
following generation and that vigor can be restored by crossing. Darwin noted this
phenomenon in The Vegetable Kingdom, published in 1876. The fust organized
attempt to exploit hybrid vigor in maize (Zea mays L.) was initiated by W.J. Beal at
Michigan State College in 1875. Beal's work and that of other stimulated little interest for 25 years until Edward East and George Shull proved conclusively that
although maize lost vigor on inbreeding, when inbred lines were crossed, the progeny of the next genemtion exhibited an explosive recovery of vigor called heterosis. A few years after I was born, Donald Jones, an associate of Edward East, figured out a solution to the high seed cost of hybrids, with the development of the
double-cross hybrid.
But there was no stampede to exploit this potential until the mid 1920s
when H.A. Wallace, later to become Secretary of Agriculture and Vice President
under Franklin Roosevelt, founded Pioneer Hi-Bred, the first private hybrid seed
company. Because of the disastrous economic depression of the 1930s, the use of
hybrids did not really take off until the early 1940s. But by the mid-19S0s, hybrids
dominated U.S. maize production and the use of open-pollinated varieties had virtually disappeared.
Since the commercial introduction of the first hybrids in the USA some 50
plus years ago, many improved elite, double-, three-way and single-cross hybrids
have been developed with continually higher yields, improved disease and insect
resistance, and shorter and stronger stalks. During this period, average U.S. yields
have increased from 1.8 to 8.2 t ha", a phenomenal 4.5-fold increase.
Tremendous genetic improvement for yield and yield dependability also has
been achieved in wheat (Triticum aestivum L.), rice (Oryza sativa L.), barley (Hordeum vulgare L.), and other cereals, grain legumes, roots and tubers, sugarcane,
(Saccharum officinarum L.) fruits and vegetables, and the fiber and tree crops.
During the past seven decades, conventional breeding has produced a vast
number of varieties and hybrids that have contributed immensely to higher gmin
yield, stability of harvests, and farm income. Surprisingly, there has been no major
increase in the maximum genetic yield potential of the high-yielding semidwarf
wheat and rice varieties commercially being grown since those that served to
launch the so-called Green Revolution of the 1960s and 1970s. There have been,
however, important improvements in resistance to diseases and insects, and in tolerance to a range of abiotic stresses, especially soil toxicities. But we must also
find new and appropriate technology to raise genetic yield levels higher, if we are
Ito cope with the food production challenges before us. I'll say more about this
later in this chapter.
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Of course, plant breeding, or genetic improvement, has been only one component of the total research effort to improve--in the case mentioned above
-maize production. Research and development efforts in soil fertility, weed science, and pest management have also led to the development of high- analysis
mineral fertilizers and effective crop protection chemicals, which have permitted
the new management-responsive varieties to express their genetic yield potential.
And research and development in farm machinery has allowed the farmer to increase enormously his labor productivity.
OUR WORLD FOOD SUPPY

In 1994, global food production of all types stood at 4.74 billion metric tons
of gross tonnage and 2.45 billion tons of edible dry matter (Table 48-1). Of this
total, 99% was produced on the land. Only about 1% came from the oceans and
inland waters, even though 70 percent of the earth's surface is covered with water.
Plant products constituted 93% of the human diet, with about 30 crops species providing most of the world's calories and protein, including eight species of cereals,
which collectively accounted for 66% of the world food supply. Animal products,
constituting 7% of the world's diet, also come indirectly from plants.
Had the world's food supply been distributed evenly, it would have provided and adequate diet in 1994 (2350 calories, principally from grain) for 6.4 billion people-about 800 million more than the actual population. However, had
Table 48-1. World food production, 1994. Source: 1994 FAO Production Yearbook.

Commodity
Cereals
Maize
Wheat
Rice
Barley
Sorghwnlmillet
Roots & Tubers
Potato
Sweet potato
Cassava
Legumes, oilseeds, oil nuts
Sugarcane and sugarbeet §
Vegetables and melons
''''''0

i

Fruits
Animal products
Milk, meat, eggs
Fish
All Food

Production, million metric tons
Gross
Edible
Dry
Increase, %
proteint
1980-1992+
tonnage matted
162
22
1950
1623
52
19
570
501
528
465
55
22
535
.. 363
31
35
1 6 1 , ' 141
14
7
87
. " 'J 7~,
7
7
583 ,~d ,.156
10
9
'. ',: S8
6
3
265
124.L 37
2
7
1
24
152 "~:J;l:·-S6
88
48
387 .;O<:~263

133·, ,J33
486 . ,,;;1:',.57
388
858
760
98
4743

,':.:

;~'53
170
143
25
2456

0
5

21
32

2
75
57
18
343

28
25
21
29
24

t At zero moisture content, excluding inedible hulls and shells.

t 1979-1981 and 1989-1991 averages used to calculate changes.
§ Sugar content only.
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Table 48-2. Potential cropland (million ha) in the less developed countries.
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and Dudal
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WHAT CAN WE EXPECT FROM BIOTECHNOLOGY?
WHAT CAN WE EXPECT FROM BIOTECHNOLOGY?
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that wh~t
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some
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new
scientific methodologies
15 years
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pro.d.ucts.
whichand
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actIve
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and organizational
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bringhad
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fruition
in food
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the to
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~n food.
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productio~
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So far,there
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in medicine
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are approa~hing
commercial
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in agriculture.
In ~Inatl.ng
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bovine somatatropin
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milk.1Otec
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wingsused
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approval.
approval.
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soybeans.
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tolerance to
a
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number
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in herbicide
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I e dev~lopment.
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IS
also
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areofsome
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and vegetables that confer considerable protection. Other
promising genes for disOthe~ promising.
ease resistance are being incorporated into other transgenic
transgem~ crop species.
spe~les.
. .
Increases In
Until recently, it has been generally assumed that increases
in genetic yield
potential in plants (and animals) are controlled by a large number of genes, each
effects' however, the work of recent years shows that there may
with small additive effects;
~e sort of master genes that affect the interaction, either
also be a few genes that are
directly or indirectly, of several physiological processes that influence yield. For
example, SST and PST are apparently such master genes.
~enes. They not only
~:>nly affect
affec~ the
production per unit
total production of milk or meat, but also the efficiency
effiCiency of productIOn
umt of
feed intake. It now appears that the dwarfing genes, Rhtl and Rht2, ~sed
used to develop
the high-yielding Mexican wheats that launched the Green Revolution,
Rev?lutlOn, also
~so acted
hel~ht and improved
Improved
as master genes, for at the same time that they reduced plant height
standability, they also increased tillering
tiUering and the number of fertile florets and the
number of grain per spike (harvest index). Biotechnology
a new window
Biotec~olo&y may be .a
~in~ow
through which to search for new master genes for high yield potential by eliminatehmmating the confounding effects of other genes.
CAN AGRICULTURAL SCIENCE STAY AHEAD OF WORLD
POPULATION GROWTH?
So far, agricultural research and production advances-and the efforts of
the world's farmers-have kept food production ahead of aggregate world population changes. However, there can be no lasting solution to the world food-hungerpoverty problem until a more reasonable balance is struck between food production/distribution and human population
populatIOn growth. The efforts of those on the foodthe
production front are, at best, a holding
hol~ing operation
operati?~ which can permit
pennit others on .the
poht!c~1 fronts to launch an effective,
educational, medical, family plannmg,
planning, and political
populatIOn monster.
sustainable, and humane attack to tame the population
pragmatism in research
Still, there is a crying need today for creative .pragmatism
res~arch and
extension organizations in many parts of the developing
developmg world. In particular, we
need more venturesome young scientists who are willing to dedicate their lives to
helping to solve the production problems facing several billion small-scale fanners.
farmers.
In seeking to push forward the frontiers of scientific knowledge, some researchers
often lose sight of the most pressing concerns of farmers and cease to develop
products that extension workers can promote successfully. In the low-income developing countries, impact on farmers' fields should be the primary measure by
which to judge the value of this research work, rather than by a flood of publications that often serve to enhance the position of the scientist but do little to alleviate
hunger.
A growing number of agricultural scientists, myself included, anticipate
great benefits from biotechnology
our future food and
biC!tec~ology in meeting ?ur
~d fiber needs.
ne~ds .. Since
IS being
bemg done by the private
pnvate sector, which patents its
Its invenIllvenmost of this research is
tions, those of us concerned with agricultural policy must face up to a potentially
serious conundrum. Most of those being born into this world are among the abject
ofthe
the developing world, and who depend on
poor, most of whom live in rural areas of
low-yielding agricultural production systems to eke out a meager existence. How
will these resource-poor farmers be able to afford the products of biotechnology
research? What will be the position of these transnational agribusiness towards this
enonnous section of humanity that still live largely outside the commercial market
enormous
economy? This issue goes far beyond economics; it is also a matter for deep ethical
consideration. Fundamentally, the question is do small-scale farmers of the develbiotechnology? If the anoping world also have a~ right to share
sh~e in the
th~ benefits of ~iotechnology?
yes. then what is
IS the role of international
mtematlOnal and national governments to enswer is yes,
sure that this right is met? I believe we must give this matter serious thought.
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STANDING UP TO THE ANTISCIENCE CROWD
Science and technology are under growing attack in the affluent nations
where misinformed environmentalists claim that the consumer is being poisoned
out of existence by the current high-yielding systems of agricultural production.
While I contend this isn't so, I ask myself how it is that so many people believe to
the contrary? First, there seems to be a growing fear of science, per se, as the pace
oftechnologica1
of
technological change increases. The late British physicist and philosopher-writer
fIrSt wrote about the split between scientists and humanists in his little
C.P. Snow first
book, The Two Cultures, published in 1962. It wasn't that the two groups necessarily disliked each other.
other, rather they just didn't know how to talk to each other.
The rift has continued to grow since then. The breaking of the atom and the prospects of a nuclear holocaust added to people's fear, and drove a bigger wedge between the scientist and the layman. The world was becoming increasingly unnatural, and science, technology and industry were seen as the culprits.
Rachel Carson's Silent Spring-which reported that poisons were everywhere, killing the birds first and then us--struck a very sensitive nerve. Of course,
urIfounded. As pointed out in Bittman's little book,
this perception was not totally unfounded.
The Good Old Days: They Were Terrible, about environmental quality in America
(and the United Kingdom and other industrialized nations), in the late 19th and
early
earl'y 20th century
~entury air and
~d water quality had been seriously damaged through wastemdustnal production systems that pushed effluents often literally into "our own
ful industrial
backyards." Over the past 30 years, we all owe a debt of gratitude to environmental
movement in the industrialized nations, which has led to legislation to improve air
and water quality, protect wildlife, control the disposal of toxic wastes, protect the
soils, and reduce the loss of biodiversity. In almost every environmental category
far more progress is being made than most commentators in the media are willing
to admit.
~drnit. Why? I believe that it's because apocalypse sells. Sadly, all too many scientists, many ofwh?m
of whom should (and do) know better, have jumped on the environmental b~d~agon
bandwagon in
In search of research funds. When scientists align themselves
With
antI-SCience. political movements, like Rifkin's anti-biotechnology crowd,
with anti-science
what
~hat are we
wI? to
~o think? When scientists lend their names and credibility to unscientific propositions,
I?roposlt!ons, what are we to think?"
think?' Is it any wonder that science is losing its
co~tltuency? We must be on guard against politically opportunistic, charlatan sciconstituency?
entists
ent~sts like T.O. Lysenko, whose pseudo-science in agriculture and vicious persecutIOn of anyone who disagreed with him, contributed greatly to the collapse of the
cution
former USSR.
Recently a science writer named Gregg Easterbrook wrote an article about
me
~e in the U.S. magazine,
~ag~ne, Atlantic Monthly. While I have never met him, I was intngued
trigued ~y
by the bnef
brief bIOgraphical
biographical sketch provided about him, which labeled him an
eeo-realist. I was
c:co-reahst.
w~ prompted
p~ompted to buy his new book, A Moment on the Earth, pubin 1996,
lished
hshe~ by Penguin
PengUIn III
I996, which
whic~ I am now reading. It's a fascinating and provocative book, based upon a massive amount of research. Calling himself an "ecore~ist" Easterbrook's central appeal is that the worthy inclinations of environmenrealist"
talism must become grounded in rationality. "Logic, not sentiment," he contends,
"best serves the interests of nature." Easterbrook provides much documentation
that in the Western world, "the Age of Pollution is nearly over" asserting that
"aside from weapons, technology is not growing more dangerous and wasteful but
cleaner and more resource-efficient."
However, Easterbrook correctly points out that as positive as trends are in
the First World,.
World, they are negative
the.
negati:-e in the Third World, where environmental degradatIOn
IS occurring
occurnng at an alarming
alarmmg rate, with poverty and rapid population growth
dation is
the underlying causes. While it is certainly technically feasible for plant Earth to
support a human population several times larger than at present without ecological
harm, the point is that our current social, political, and economic systems cannot
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support rapidly growing populations at an adequate standard of living. Thus shortterm global population stabilization is of paramount importance.
In sharp contra:, to the rich countries, where most environmental problems
have been urban, industrial, and a consequence of high incomes, the critical environmental problems in most of the low-income developing countries remain rural,
agricultural. and poverty-based. More than one-half of the world's very poor live
on lands that are environmentally fragile, and they rely on natural resources over
which they have little legal control. Land-hungry farmers resort to cultivating unsuitable areas, such as erosion-prone hillsides, semiarid areas where soil degradation is rapid, and tropical forests, where crop yields on cleared fields drop sharply
after just a few years.
I often ask the critics of modem agricultural technology what the world
would have been like without the technological advances that have occurred? For
those whose main concern is protecting the environment, let's look at the positive
impacts of science-based technology .In the land. Had 1961 yields still prevailed
today, three times more land in India would be needed to equal 1992 cereal production. Obviously, such a surplus ofland of the same quality is not available, and
especially not in populous China and India.
I have calculated that if the USA attempted to produce the 1990 harvest of
the 17 most important crops with the technology and yields that prevailed in 1940
it would have required an additional 188 milIion hectares of land of similar quantity. This theoretically could have been achieved either by plowing up 73% of the
nation's permanent pastures and range lands, or by converting 61% of the forest
and woodland area to cropland. In actuality, since many of these lands are of much
lower productive potential than the land now in crops, it really would have been
necessary to convert an even larger portion of the range lands or forests and woodlands to crop prn,;uction. Had this been done, imagine the additional havoc from
wind and water erosion, the obliteration of forests, extinction of wildlife habitats,
and the enormous reduction of outdoor recreational opportunities.
In his writings, Professor Robert Paarlberg, who teaches at Wellesley College and Harvard University in the USA, has sounded the alarm about the consequences of the debilitating debate between agriculturalists and environmentalists
about what constitutes so-called sustainable agriculture in the Third World. This
debi::c has confused-if not paralyzed-policy makers in the international donor
community who, afraid of antagonizing powerful environmental lobbying groups,
have turned away from supporting science-based agricultural modernization projects, so urgently needed in sub-Saharan Africa and parts of Latin America and
Asia. T'
esult has becn increasing misery in smallholder agriculture and accelerating environmental degradation.
This policy deadlock must be broken. In doing so, we cannot lose sight of
the enormous job before us to feed 10 billion people, most of whom will be born
into abject poverty in lOW-income, food-deficit nations. And we must also recognize the vastly different circumstances faced by farmers in different parts of the
Third World, and assume different policy postures. For example, in Europe or the
U.S. Com Belt, the application of 300 to 400 kg of fertilizer nutrients per hectare of
arable land can cause some environmental problems. But surely, increasing fertilizer use on food crops in sub-Saharan Africa from around 5 kg of nutrients per
hectare of arable land to 30 to 40 kg is not an environmental problem but rather a
central component in Africa's environmental solution.

CLOSING COMMENTS
Twenty-seven years ago, in my acceptance speech for the Nobel Peace
Prize, 1 said that the Green Revolution had won a temporary success in man's war
against hunger, which if fully implemented, could provide sufficient food for humankind through the end of the 20th century. But I warned that unless the fright-
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ening power of human reproduction was curbed, the success of the Green Revolution would only be c, :neral.
I now say that the world has the technology-eithcr available or welladvanced in the research pipeline-to feed a population of 10 billion people.-:-he
more pertinent question today is whether farmers and ranchers will be permitted to
use this new technology. Extremists in the environmental movement from the rich
nations seem to be trying to stop scientific progress in its tracks. SmalI, vociferous,
well-funded, and highly effective anti-science and technology groups are slowing
the application of new technology, whether it be developed from biotechnology or
more conventional scientific methods.
I am particularly alarmed by those who seek to deny small-scale farmers of
the Third World-and especially those in sub-Saharan Africa-access to the improved seeds, fertilizers. and crop protection chemicals that have alIowed the affluent nations the luxury of plentiful and inexpensive foodstuffs Which, in tum, has
accelerated their economic development. While consumers in the affluent nations
can certainly afford to pay more for the so-caIled organically produced foods, the
one billion chronically undemourishc'l people of the low-income, food-deficit nations cannot. As Richard Leakey likes to remind his environmental supporters,
"you have to have at least one square meal a day to be conservationist or environmentalist".
At the closure of the Earth Summit in 1992 at Rio de Janeiro, 425 members
of the scientific and intelIectual community presented to the Heads of State and
Government what is now being called the Heidelberg Appeal. Since then, some
3000 scientists have signed this document, including myself. Permit me to quote
the last paragraph of the Appeal:
"The greatest evils which stalk our Earth are ignorance and oppression, and not science, technology, and industry, whose instruments,
when adequately managed, are indispensable tools of a future
shaped by Humanity, by itself and for itself, in overcoming major
problems like overpopulation, starvation, and worldwide diseases."
Agricultural scientists, agribusiness leaders, and policy makers have a
moral obligation to warn the political, educational, and religious leaders about the
magnitude and seriousness ofthe arable land, food and population problems that lie
ahead. Let us all remember that world peace will not be built on empty stomachs
and human misery. Deny the sman-scale, resource-poor farmers of the developing
world access to modem factors of production-such as improved varieties, fertilizers and crop protection chemicals-and the world will be doomed, not from poisoning, as some say, but from starvation and social and political chaos.

