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ABSTRACT

The enormous size of the human population is a major factor
driving humanity to live on capital rather than income. Critical
nonsubstitutable resources such as fertile soils, fossil
groundwater, and biodiversity are being rapidly depleted. Each
year farmers must feed more than 90 million additional people,
with roughly 24 billion fewer tons of topsoil, trillions of
gallons less groundwater, and faltering ecosystem services.
Global change will increase the difficulty of their task and
exacerbate the current overshoot of carrying capacity. Dramatic
declines in human fertility, the development of ecologically
sound agricultural systems worldwide, more equitable food
distribution, the preservation of biodiversity, and restoration
of ecosystems will be essential to prevent massive starvation and
further reductions of Earth's capacity to support human beings.

INTRODUCTION

As the Cold War fades, the focus for the world community's
concern should shift from military to environmental security.
Closely allied to environmental security and dependent upon it is
the important question of nutritional security, an issue that
already is a factor in relations between the United States and
Japan (for instance, should Japan allow imports of cheap American
rice and jeopardize its own rice production capacity?).
Nutritional security also is a factor in the impacts of
subsidized European Community food exports on the agricultural
sectors of other food-exporting nations, and in the problems
generated in developing nations by the preferences given to crops
grown for export over food for local consumption. Unfortunately,
most international negotiations over these issues (such as those
of GATT) have focused chiefly on economic aspects to the neglect
of very real nutritional and social security considerations.

Underlying these and many other policy issues is the often
unrecognized question of whether, and how easily, the world
population will be able to feed itself in the future. The answer
to that, in turn, rests on the basic relationship of the human
population to the environmental systems (ecosystems) that support
it. Under current patterns of behavior, the entire planet is
already overpopulated by the simple criterion that 5.5 billion
people cannot be supported on income -~ primarily solar energy.
Instead, the present population, with over 3 billion people in
relative poverty, is maintained only by consuming, dispersing,
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and destroying a one-time inheritance of natural capital. The
forms of that capital essential for maintaining agricultural
productivity are topsoil, ice~age groundwater, and biodiversity
(the diversity of microorganisms, plants, and animals that are
working parts of Earth's life-support systems). All are
nominally renewable resources, but are now being exploited or
destroyed at rates so far above those at which they can Ee
replaced that they have become in practice nonrenewable.

Earth's carrying capacity may be defined as the number of
people that can be supported without degrading the planst's
capacity to support future generations of human beings. By
mobilizing and consuming irreplaceable natural capital, including
nonrenewable resources (such as fossil fuels) as well as the
nominally renewable ones just discussed, the human population has
been able to expand beyond Earth's carrying capacity. But that
overshoot cannot be sustained on a diminishing resource base.
Today the human population is still growing rapidly while
depletion of its natural capital is beginning to make itself
felt, perhaps most clearly in an area where security is vital:
food production.

Something on the order of 200 million people have starved to
death or died of hunger-related disease in the past quartgr—
century, and more than a billion people are hungry today. Even
so, ultimate biophysical limits to increasing food production are
not a critical issue at present. Such limits (e.g., availability
of suitable land, diminishing returns to additional fertilizer
inputs, limits to the genetic improvement of crops) may be rather
far in the future, especially if long-term sustainability is not
considered. Humanity might well multiply present food production
several-fold on a one-time basis, in the process consuming its
natural capital. But severe environmental damage associated with
the agricultural enterprise is with us today; with an all-out
effort to multiply food production several times, environmental
damage could be much worse and irreversible, leading to a
collapse of the entire enterpise.

Social, political, and economic constraints are at least as
significant as biophysical limits and environmental degradation
in limiting the amount of food that can be produced. These are
rooted in such things as inequity in the distribution of land,
lack of access to inputs and farm credit, and political neglect
of the agricultural sectors of many poor economies, and
inequities in the world food market.

All of these factors interact. Poverty increases population
growth rates. More and more people add to stresses on
environmental systems. Stress on those systems, in turn, reduces
the ability of agricultural systems to provide foocd. We now
examine this entire complex of interacting issues in more detail.

NUTRITIONAL SECURITY

It should be no surprise that most nations see it in their
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own interest to maintain some degree of self-sufficiency in food
production, no matter how well integrated the world food market
and distribution system may be. If the next century were
guaranteed to be one of food abundance, then Japan might be well
advised to live by the principles of comparative advantage and
cease subsidizing its rice farmers. On the other hand, if food
shortages increase in frequency and severity in decades ahead, as
is far more likely, then Japan may be wise to preserve every bit
of its productive capacity. Ten tons of rice might someday be
more valuable than ten tons of Toyotas; in an extreme situation,
reluctance to export food may characterize former granaries.

Norman Borlaug, when receiving the Nobel Prize in 1970 as a
founder of the green revolution, cautioned that, at best, the
revolution could buy humanity 30 years to solve the population
problem. When he spoke, there were still fewer than 4 billion
people. More than two thirds of that 30 years have now passed,
and the human population is almost 5.5 billion and still growing
at 1.7 percent per year, adding some 93 million people annually.
Demographic projections now suggest that, barring some
catastrophe, the human population gould reach the vicinity of
12~-14 billion before growth stops. But a general impression
remains that the green revolution has more or less permanently
solved the problem of feeding this growing population and that
famine has been largely banished (gxcept for local famines
traceable to political conflicts). Indeed, starvation today
actually is primarily a_problem of food maldistribution rooted in
economics and politics.

Complacency gbout the food problem is not supported by
careful analysis,® especially if the environmental dimensions of
the problem are carefully considered. It is correct that, in the
strictest sense, food problems today could be assigned to
maldistribution. An assessment by Robert Kates, Robert Chen,
and colleagues of the Alan Shawn Feinstein World Hunger Progranm
at Brown University indicates that recent world harvests, if
equitably distributed and with no grain diverted to feeding
livestock, could supply a vegetarian diet to about 6 billion
people. A diet more typical of South America, with some 15
percent of its calories derived from animal sources, could be
supplied to about 4 billion people. A "full but healthy diet"
(about 30 percent of calories from animal sources) of the sort
eaten by many people in rich countries could be supplieg to
roughly half the 1992 population of 5.5 billion people.

These numbers are not exact, of course, and they are based
on assumptions that mgx overstate somewhat the amount of post-
harvest food wastage. They nonetheless put in perspective the
notion that hunger is "just" a problem of distribution. Even if
it were possible to transform most human beings into purely
vegetarian saints, the sheer size and growth rate of the
population would still be increasingly important factors in
providing everyone with a minimal diet because of growing
population-related stresses on the world's finite food production
systems. This is not to say that a smaller population today
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would necessarily be better fed:; the complex economics of
agriculture and the extreme maldistribution of wealth might well
prevent that. This is also not to say that economic, political,
and social factors are not extremely important in determining R?w
much (and what sorts) of food can be produced at a given time.
But agronomically and ecologically, it certainly would be easier
to feed all people well if there were fewer of then..

The United Nations, the World Bank, and other organizations
estimate that each year in recent decades, something on the order
of 10 million people (the vast majority of them young children)
have died of hunger or hunger-related diseases, and that more
than a billion people are unable to obtain suffient energy from
their food to carry on normal activities. Even if those
estimates are high by a factor of two, the human nutritional
situation conigitutes a vast tragedy that has grave
implications. In addition to causing direct suffering, hunger
has negative effects on the economies of developing nations by,
among other things, reducing the productivity of the work force.
It also limits the educational potential of tens of millions of
children, increases the vulnerability of the human population to
epidemics such as AIDS, and threatens the political stability of
the nations most affected (as exemplified by today's situation in
what was the Soviet Union).

Even now, when much of the talk still is of food "gluts,"13
the truth is that hunger remains one of the most serious elements
of the human predicament. That is particularly true when one
considers that the expansion of global grain production, which
kept well ahead of the rate of population growth between 1950 and
1984, has failed to do sc since then.

In order to provide sufficient food for the projected
additions to the population (assuming the population peaks at ten
billion) and for those now underfed would require about a
tripling of food production by the middle of the next century --
a task that exceeds even the remarkable achievement of the last
half-century. But most of the readily available opportunities
for substantial expansion of food production have been taken, and
agriculture is now faced with a series of problfﬁs and potential
difficulties that will not be readily overcome.

The constraints that are best categorized as "biophysical™
include (1) losses of farmland to other uses because of
population pressures, and limits to the amount of suitable new
land that can be brought into production; (2) diminishing
opportunities to irrigate additional farmiand, associated in part
with limits on freshwater supplies; (3) erosion and exhaustion of
soils; (4) diminishing returns from the application of
fertilizers; (5) a complex of problems associated with chemical
control of pests; (6) declining genetic diversity of crops
themselves and of their wild relatives; (7) possibly depressed
yields from increased ultraviolet-B radiation; (8) reduced yields
from a variety of air pollutants that are toxic to crops; (9) the
likelihood of agricultural disruptions and reduced production due
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“to rapid climate change and sea-level rise; and (10) a general
decline in the free services supplied to agriculture by natural
ecosystems.

The prospects for humanity's other major food source,
oceanic fisheries, are also problematic. Provision of food from
the sea is one of the most important free services that natural
ecosystems perform for Homo sapiens. The roughly 80 million
metric tons of fishes extracted from the sea annually is a small
factor in the human feeding base compared with about 1,800
million (1.8 billion) metric tons of grains. Nonetheless,
seafood provides an important protein supplement for the diets of
many people; over half of all human beings get the majority of
their animal protein from fishes, and fgg many poor people it is
the only animal protein in their diets.

Supplying food from the sea is an ecosystem service that is
clearly faltering. The theoretical maximum sustainable yield of
marinfsfishes is generally agreed to be about 100 million metric
tons. Obtaining that yield sustainably will depend upon
careful fisheries management, protection and restoration of
coastal wetlands, and abatement of ocean pollution, none of which
seems in prospect at the moment. 1Indeed, the current pattern is
one of overexploitation of stocks to the point of collapse,
followed by shifts to exploitation of new stocks, generally of
less desirable species.

There are some potential bright spots in the picture. A
market economy might revive and improve Russian and Ukrainian
agriculture. Land-use changes in some regions, such as parts of
South America, could lead to considerably greater agricultural
productivity. Recent techniques of genetic engineering could
make significant contributions in areas such as nitrogen-fixing
grain strains that would require less fertilizer and would suffer
reduced pre-harvest losses to crop pests and diseases.
Improvements in crop storage and transport facilities could
result in significantly smaller losses after harvest to pests and
spoilage. The likeliest sources of substantial gains in food
supplies in the future will be through improvements of previously
neglected traditional crops and, even more promising, the
development of new, more sustainable farming systems. These
could increase overall production everywhere but may prove
especially suitable for regions where the 9reen revolution has
made scarcely a dent: mainly the tropics.l

But all these foreseeable gains, if fully realized, do not
add up to a new green revolution, nor might they compensate for
the threats to future production that arise from the depletion of
essential resources underpinning agriculture and from global
change. Overall, it may prove difficult even to maintain today's
level of production over the long run, let alone provide a
sustainable harvest two, three, or more times larger. Let us
look at the potential for increasing production, and the
environmental costs of doing so, in more detail, and then
consider what might be done to brighten humanity's nutritional
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future.
LAND

Earth's 5.5 billion people now occupy or use some 90 percent
of the ice-free land surface that is not severe desert (less than
10 inches of rain per year). About 17 percent of the land used
is planted in crops, the rest is urban or otherwise built on,
used as pasture, or forests exploited to one degree or another.
The remaining uncultivated land that could be planted in crops is
almost all marginal, which is indicated by the small fraction of
the increase in food production since 1950 that is attributable
to an expansion of cropland. 1In 1950, 593 million hectares were
planted in grains; by 1990, that had increased by 21 percent to
720 million hectares, but production had increased by 139 percent
due to more than a doubling of average yield, from about one gon
per hectare per year toc about 2.3 tons per hectare per year.1

Furthermore, much of the land that might be converted to
crops now, especially that under tropical moist forests, is still
occupied by natural ecosystems that are playing important roles
in supporting the human enterprise. Repeated attempts to clear
and farm tropical moist forest land has demonstrated that much of
it is unsuitable for conventiggal farming and quickly degrades to
wasteland if put to the plow.

As the human population grows, of course, the demand for
land for nonagricultural uses increases. Cities expand, and most
cities were founded, naturally, in areas of rich agricultural
productivity. Thus newly paved-over land often was high-quality
farmland. The loss of valuable farmland has occurred in places
as disparate as the Santa Clara Valley of California, where urban
sprawl has obliterated an important fruit-growing area, and East
Asia where more than 1900 square milss are estimated by the FAO
to be lost to urbanization annually.

The cropland-living space competition is not limited to the
margins of cities. NASA scientist Marc Imhoff and his
colleagues have analysed that competition in rural Bangladesh.
People there live on bulwarks raised above the water level of the
countryside which is flooded for rice cultivation. During the
dry season, soil for the bulwarks is dug from the centers of the
paddies. The area of the bulwarks increases at the expense of
paddy area as the population grows, and the depth of the water in
the excavated paddies increases to the point where the highest-
vielding rice strains can ng longer be planted. The result is a
decline in rice production. 1

Imhoff believes similar losses are widespread in South and
East Asia, undetected largely because of the "noise" in
statistics created by fluctuations in harvests related to weather
and economics, and because they are partly offset by increased
yields from better agricultural technologies and intensified
cultivation. :
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SOIL

Soil can be viewed as a precious part of the natural "capital®
that humanity inherited, capital that is now being Sonsumed in an
unsustainable fashion to support ever more people.2 Soil is
generated by ecosystems on a time-scale of inches per millennium.
In many areas, because of human activities, it is eroding away at
rates up to inches per decade. Globally, roughly 24 billion tons
of soil are lost annually in excess of the natural rate of soil
regeneration, and it is estimated that the remaining topsoil on
Earth's crog%and is being lost at an average rate of 7 percent
per decade. Even if this estimate were several times too
high, current ggricultural practices would still be highly
unsustainable.

Soil itself is a complex ecosystem, and its fertility is
tightly tied to the biodiversity it contains ~- billions of tiny
organisms per gram in rich agricultural soils. Those organisms
are involved in maintaining soil quality and transferring
nutrients from soil to crops. They are also prime actors in the
recycling and mobilization of nutrients, functions that are
utterly indispensible not only for healthy ecosystems but for the
growth of crops. Yet these obscure organisms Sge threatened by
many aspects of modern industrial agriculture.

THE ROLE OF GREEN REVOLUTION TECHNOLOGIES

The impressive increases in grain yields obtained in the
past few decades are principally due to the widespread deployment
of "green revolution" technology. That technology depends on
specially bred strains of major cereal crops that produce much
higher yields than traditional strains if given substantial doses
of fertilizers, abundant water, and measures to suppress the
pests to which high-yielding strains are susceptible.

Fertilizers. without generous applications of fertilizers,
green revolution crop varieties produce yields no better than
those of traditional ones. The tenfold increase in worldwide
chemical fertilizer use between 1950 and 1990 underscores the
importance of fertilizers in generating the great increase in
food production during that peried. Unfortunately, though, the
chances of repeating that performance are small. In developed
nations, fertilizer gge has long since passed the point of
diminishing returns. While there is still considerable rcom
for yield increases in developing countries, most of the farmers
who have the means to acquire fertilizers are already using them.
A substantial further expansion must await economic changes in
those nations that would make fertilizers available to
subsistence farmers.

Meanwhile, traditional methods of maintaining soil fertility
seem certain to continue to falter. For example, in 1991 Nepal's
population was growing at 2.5 percent annually, and the density
of population on agricultural land has increased 2.5-fold in the
past two generations. The size of the average farm has dropped
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below one hectare, insufficient to support the six people of an
average farm family. As a result, forests are increasingly being
converted into farmland, but this is reducing the availability of
firewood. That, in turn, increases the dependence of rural
people on cattle dung for fuel, depriving the land of the dung's
critical fertilizing effect. It is the sort of doggward spiral
that is all-too-often found in developing nations.

Irrigation. The additional water needed by thirsty high-
yield crop strains often must be supplied by irrigation. About
33 percent of the crops harvesssd today come from the 17 percent
of cropland that is irrigated. But the rate at which land is
being brought under irrigation around the world has slowed
dramatically in the last decade, because low commodity prices
relative to the costs of energy and other inputs have discouraged
investment in agriculture, and the marginal cost of installing
irrigation systems is rising (since ths best sites for water
development were the first exploited). 9 Another factor in areas
such as the arid western United Stagss is competition with urban
users for scarce supplies of water.

At the same time, the rate at which irrigated land has lost
fertility or gone out of production has been increasing. So far
this is primarily a consequence of waterlogging and salinization
brought on by disruption of the hydrolegical cycle by irrigation.
In addition, the consequences of overdrawing aquifers are
manifesting themselves increasingly. Much of the water for
irrigation is pumped from aquifers at rates far beyond those at
which the aquifers are recharged. In the United States alone,
the overdraft of aquifers, mostly for irrigation, is estimated to
be between 6.5 and 8 trillion gallons annually. As water tables
drop to the point where pumping is no longer economically
worthwhile, irrigation from those aquifers ceases, and food
production declines. Groundwater was the basis for a rapid
expansion of irrigated grain production in the United States in
the 1960s and 1970s, but the rising energy costs of pumping from
- declining aquifers Eave already resulted in a subsequent decline

in irrigated area.>l In the southern great plains, a major
grain-producing region, increasing amounts of land are reverting
to less productive and less dependable dryland farming. A
similar dilemma is appearing in northern India, where green
revolution success has been built on overdrafts of groundwater.
Aquifers are beset by other problems as well: in some areas,
urbanization has destroyed surface ecosystems that once allowed
rainwater to percolate through soil and recharge aquifers; in
others, pollution by toxic chemicals has made underground water
supplies unsafe.

It also is important to keep in mind that overall control of
the hydrologic cycle is a key ecosystem service that is
progressively jeopardized by deforestation, drainage of wetlands,
and other activities that are destructive of biodiversity. One
consequence may be the onset of floods and droughts where once
there were dependable flows. For example, the forests of
Rwanda's Parc National des Volcans acted as a gigantic sponge
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