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Daedalus was founded in 1955 and established as a quarterly in 1958. The
journal’s namesake was renowned in ancient Greece as an inventor, scien-
tist, and unriddler of riddles. Its emblem, a maze seen from above, symbol-
izes the aspiration of its founders to “lift each of us above his cell in the lab-
yrinth of learning in order that he may see the entire structure as if from
above, where each separate part loses its comfortable separateness.”

The American Academy of Arts & Sciences, like its journal, brings togeth-
er distinguished individuals from every field of human endeavor. It was char-
tered in 1780 as a forum “to cultivate every art and science which may tend to
advance the interest, honour, dignity, and happiness of a free, independent,
and virtuous people.” Now in its third century, the Academy, with its nearly
five thousand elected members, continues to provide intellectual leadership
to meet the critical challenges facing our world.
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Food & Health of a Full Earth

David Tilman

DAVID TILMAN, a Fellow of the
American Academy since 1995, is
Regents Professor and McKnight
Presidential Chair in the College of
Biological Sciences and Director of
the Cedar Creek Ecosystem Science
Reserve at the University of Min-
nesota. He is also a Professor at the
Bren School of Environmental Sci-
ence and Management at the Uni-
versity of California, Santa Barbara.
Heis the author of Functional Conse-
quences of Biodiversity : Empirical Prog-
ress and Theoretical Extensions (with
Ann P. Kinzig and Stephen Pacala,
2002), Plant Strategies and the Dynam-
ics and Structure of Plant Communities
(1988), Resource Competition and Com-
munity Structure (1982), and more
than two hundred scientific papers.

The world is about to be full. Within two or three
generations, our global population — currently sev-
en billion people — will level off between ten billion
and eleven billion. Although humanity steadily in-
creased insize asit spread from Africaacross the hab-
itable lands of Earth, it was not until the 1920s that
this growth turned explosive. In 1850, the global pop-
ulation was 1.1 billion people, on a trajectory to dou-
ble every one hundred fifty years. This low growth
rate held until World War I, after which the emer-
gence of modern medicine and sanitation led to in-
creasingly rapid annual growth rates. When this rate
hit its peak in 1970, the global population was on
course todouble every thirty-five years. Now, our pop-
ulation growth rate — though still positive — is steadi-
ly slowing as we approach our maximum Earth den-
sity.

What will life be like on a full Earth ? Can we pro-
vide eleven billion people with a secure supply of nu-
tritious foods ? Is it even possible for so many people
tolive on Earth without destroying its remaining nat-
ural ecosystems? Agriculture already accounts for
more than 25 percent of global greenhouse gas emis-
sions and occupies 55 percent of Earth’s ice- and
desert-freeland area. Can we feed up to eleven billion
people and still maintain a livable climate ? Will the
ethics, customs, rights, and laws established when
the world had one billion or fewer people adequately
guide a world that is ten times more populous? Or
will new ethical principles be needed to live sustain-
ablyin this new context ?

© 2015 by the American Academy of Arts & Sciences
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Food&  The answers to these and related ques-

Health of a
Full Earth

tions must also consider a second major
way we fill Earth : our consumption. Many,
but by no means all, of the less-developed
nations of the world have rapidly growing
economies. Based on current growth tra-
jectories, citizens in developing nations are
likely to gain three to five times more buy-
ing power within the next forty years. This
is a continuation of a trend that began in
earnest in the early 1900s: from 1900 to
2000, the buying power of the typical per-
son on Earth increased 360 percent, while
the global population increased 270 percent.
What might the totality of global consump-
tionlooklike in 2050?

Consider the World Bank forecasts of the
global economy and the United Nations
projections of the global population. Per
capita inflation-adjusted incomes are on a
trajectory to increase 140 percent from
2000 to 2050, while the global population
shouldincrease so percent. The cumulative
effect of these global increases is a 260 per-
centincrease in consumer buying power be-
tween 2000 and 2050. Urbanization also
accompanies economic growth: in 1960,
slightlyless than onebillion peoplelived in
cities. By 2013, more than 3.5 billion people
were urban. By the time that the great hu-
man expansion reaches its limit, the vast
majority of the peoples of the world will be
livingin large cities and have incomesasso-
ciated with middle-classlifestyles.

Because incomes determine how much
an individual can consume, the full envi-
ronmental impact of nine billion peoplein
2050, or ten to eleven billion by the end of
the century, will be much greater than is
suggested by the increase in population
alone. Moreover, greater consumption does
not necessarily lead to better lives. This is
especially true for food. The world’s two
billion overweight or obese people would
likely be harmed, rather than benefit, from
increased caloric consumption. Indeed, in-
creasing globalincomes and urbanization

are strongly associated with dietary and
lifestyle shifts that degrade health. Howev-
er, the world’s eight hundred million mal-
nourished people would greatly benefit
from increased incomes and better diets.

The future of humanity, including our
ability to live on Earth in ways that would
allow future generations to enjoy a quality
of life at least as high as ours, will depend
on the decisions we make in the coming
decades. These decisions will impact our
diets, our health, and the abilities of man-
aged and natural ecosystems to supply us
with vital services, and will also determine
how many other species will share the
planet with us. Some of these decisions
will be pragmatic; others will be ethical.
The world faces many unavoidable trade-
offs. Actions that provide a net benefit or
profit to one individual, such as a farmer
applying more fertilizer to cropland to in-
creaseyields, may comeata costto the en-
vironment and to the health of others. On
afull Earth, the actions of any one person
arelikely toimpact the well-being of some-
one else; just as the actions of any one na-
tion may impact all other nations.

The essays in this issue of Deedalus ad-
dress issues related to agriculture, diets,
health, and the environment, aswell as the
ethics and value systems needed to assure
equity and well-being within each gen-
eration and across all future generations.
Our essays begin with abroad overview of
the current environmental impacts of ag-
riculture, how growth in incomes and pop-
ulation will influence the future of the en-
vironment, and how these environmental
impacts may be avoided. In doing so, my
essay with coauthor Michael Clark also
briefly touches on many of the themes de-
veloped in depth in the rest of this volume.

Catherine Bertini highlights the central
role that women play as the primary pro-
viders of food in most of the world, as well
as their need for equity and voice if, espe-
cially in the developing world, women are

Dcedalus, the Journal of the American Academy of Arts & Sciences



to be empowered to solve malnutrition,
children’s health, and other major prob-
lemsrelated to food, diet, and agriculture.
The essay by Jaquelyn Jahn, Meir Stampfer,
and Walter Willett is an informative and
insightful synthesis of decades of research
on nutrition and health, addressing such
global problems as undernutrition, obesi-
ty, and diet-dependent metabolic imbal-
ances that lead to noncommunicable dis-
eases such as diabetes and heart disease.
The next three essays all address agricul-
ture, its sustainability, and the environment
from different vantage points. Nathaniel
Mueller and Seth Binder open the discus-
sion with quantitative analysis of the in-
creases in global food supplies that could
be attained by intensifying agriculture in
developing nations. Their analysis high-
lights the social, political, and economic
barriers that have kept crop yields so low
in these nations, and suggests how these
might be overcome. Next, Andrew Balm-
ford, Rhys Green, and Ben Phalan question
if such intensification indeed is the best
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way to meet food demand and preservena- David

ture, orif conservation of endangered wild-
lifewouldbebetterachieved vialow-inten-
sity agriculture. G. Philip Robertson con-
cludes this trio by discussing if agriculture
could be made sustainable and still feed a
full Earth. He does so in the context of the
ethical assertion that sustainability re-
quires current agricultural practices not to
limit the ability of future generations to
provide themselves with diets and a quality
of life atleast as good as exists now.

Our volume ends with Brian Henning’s
essay on the ethics of food, biofuels, and
animal feed. His perspective as an ethicist
adds a depth and nuance to all of the pre-
ceding contributions. Who, he asks, should
have the greaterright to consume the global
food supply : people (who directly consume
60 percent of all crops), livestock (which
consume 35 percent) or automobiles (which
consume 5 percent)? Are livestock and
cars more worthy of food than the eight
hundred million undernourished people
of Earth?

Tilman



Food, Agriculture & the Environment:
Can We Feed the World & Save the Earth?

David Tilman & Michael Clark

Abstract : Secure and nutritious food supplies are the foundation of human health and development, and
of stable societies. Yet food production also poses significant threats to the environment through greenhouse
gas emissions, pollution from fertilizers and pesticides, and the loss of biodiversity and ecosystem services
Sfrom the conversion of vast amounts of natural ecosystems into croplands and pastures. Global agricultural
production is on a trajectory to double by 2050 because of both increases in the global population and the
dietary changes associated with growing incomes. Here we examine the environmental problems that would
resull from these dietary shifts toward greater meat and calorie consumption and from the increase in agri-
cultural production needed to provide this food. Several solutions, all of which are possible with current
knowledge and technology, could substantially reduce agriculture’s environmental impacts on greenhouse
gas emissions, land clearing, and threats to biodiversity. In particular, the adoption of healthier diets and
investment in increasing crop yields in developing nations would greatly reduce the environmental impacts
of agriculture, lead to greater global health, and provide a path toward a secure and nutritious food supply
for developing nations.

The importance of food is undeniable. Stable soci-
eties require adequate and predictable supplies of
food.! Modern industrial societies require that most
of their members have differentiated and specialized
skills, whichis only possible when high-yielding crops
allow a few people to feed the many. Societies also de-
pend on a multitude of services provided by ecosys-
tems, including the production of pure drinking water,
the decomposition of wastes, the creation of fertile

DAVID TILMAN, a Fellow of the
American Academy since 1995, is
Regents Professor and McKnight
Presidential Chair in the College of

Biological Sciences and Director of
the Cedar Creek Ecosystem Science
Reserve at the University of Min-
nesota.

MICHAEL CLARK is a Graduate Stu-
dentin the Department of Ecology,
Evolution, and Behavior at the Uni-
versity of Minnesota.

(*See endnotes for complete contributor
biographies.)

soils, the removal and storage of much of the green-
house gassesreleased by society, the amelioration of
flooding provided by intact ecosystems, and the sup-
port of a multitude of other species that provide
food, crop pollination, timber, fiber, medicines, and
the functioning of Earth’s ecosystems.?

Agriculture — as currently practiced - poses major
threats to the environment. Agriculture and food
production are responsible for more than 25 percent
of total global greenhouse gas (GHG) emissions to

© 2015 by the American Academy of Arts & Sciences
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the atmosphere. Each year, global agricul-
ture isresponsible for the application of fer-
tilizer possessing more nitrogen and phos-
phorus than is supplied by the natural
processes of all terrestrial ecosystems.3 In
many cases, crops do not take up the ma-
jority of these nutrients; rather, they leach
out of farmed fields and pollute aquifers,
lakes, and rivers in a process called eutro-
phication.* When these excess nutrients en-
ter the ocean, they can create low-oxygen
“dead zones” that devastate local aquatic
ecosystems and the fisheries on which we
rely.> Agricultural nutrients can also be
transported through the atmosphere and
deposited on terrestrial ecosystems, where
they canreducebiodiversity and harm the
functioning of these ecosystems. Many ag-
ricultural herbicides, insecticides, and fun-
gicides are long-lived and enter terrestrial
and aquatic ecosystems where they can
negatively impact ecological and human
health.®

An equally great environmental impact
of agriculture comes from the immense
amount of Earth’s land area devoted to
agriculture. Earth has approximately nine
billion hectares of ice-free, nondesert land
generally suitable for human life. Global
croplands and pasturelands already occu-
py five billion hectares.” Habitat destruc-
tion and fragmentation resulting from the
conversion of native ecosystems into crop-
lands and pasturelands is a major reason
why so many plant and animal species are
now threatened with extinction. The loss
of Earth’s biodiversity is irreversible, for-
ever foreclosing on societies’ ability to ben-
efit from any future value that this “natural
capital” might have provided.8 In addition,
many of the simplified low-diversity agro-
ecosystems created by farming are less
able to provide society with valued eco-
system services.9 Finally, habitat destruc-
tion and fragmentation by agriculture can
harm nearby natural ecosystems by caus-
ing them to lose biodiversity.1©
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A secure supply of nutritious food and a
livable environment are of central impor-
tance to humanity, but are increasingly in
conflict.!! Because global demand for food
and animal feed is expected to approxi-
mately double in the coming forty to fifty
years, the environmental harm caused by
agriculture expansion in the coming de-
cades could be considerable.'? In this essay,
we1)analyze the driversbehind what might
be adoubling of global food demand during
the next half century; 2) review the envi-
ronmental impacts associated with the last
doubling of global food; 3) project the po-
tential environmental impacts of the antic-
ipated doubling of food; and 4) propose sev-
eral potential solutions that could plausibly
allow us to greatly reduce harm to the glob-
al environment while feeding a world of
eleven billion people.

The twentieth century introduced an
era of unprecedented human population
growth, primarily resulting from falling
mortality rates associated with advances
in sanitation and medicine.!3 The global
population doubled from 1900 to1957,and
doubled again by 1995, only thirty-eight
yearslater. The UN forecasts that the glob-
al population will increase from 7.3 billion
peoplein2015to 9.6 billion people by 2050,
and then peak at about 10.9 billion people
by 2100.14 At this point, from a human per-
spective, we will have reached a “full
Earth.” If agricultural practices were to stay
the same and per capita food demand did
not increase, population expansion alone
would increase demand for agricultural
production by 30 percent by 2050 and 50
percent by 2100.

Per capita incomes, which are rising
around theworld, are a strong driver of hu-
man dietary choices.!S The net effect of in-
come on diet is that demand for agricul-
tural crops is increasing at a much faster
rate than global population. Indeed, a re-
cent analysis forecasts that global food de-

David
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mand in 2050 will be double that of 2005,
with income-driven dietary shifts respon-
sible for about 70 percent of this increase
and the growing global population respon-
sible for the remaining 30 percent.!©

There are two major ways in which in-
creases in income affects diets. First, as in-
comes increase, people tend to consume
more animal productslike meat, dairy, and
eggs (Figure 1).17 Second, diets also shift
toward increased caloric consumption, and
in particular toward more sugars, oils, fats,
and alcohols, which are commonly referred
to as “empty calories.”

For a typical citizen of one of the fifteen
richest nations, daily food demand - mea-
sured as food that enters the household per
person —isabout 3,500 calories.18 Uptozs
percent of this food is wasted after it reach-
es the household. About 20 percent of dai-
ly calories consumed in these wealthy na-
tions come from meat, milk, and eggs; 38
percent of daily calories are from empty
calories; and the rest come from other
plant-based foods. In comparison, the av-
erage person’s daily food demand in the
twenty or so poorest economies is about
2,000 calories, much less of which is wast-
ed, with only 3 percent of the total coming
from meat, milk, and eggs, and 12 percent
from empty calories. One effect of this in-
come-dependent disparity in caloric de-
mand and consumption is that 2.1 billion
people are overweight or obese globally
because of excess consumption while, at
the same time, another eight hundred mil-
lion of the world’s poorest people suffer
from malnutrition or undernourishment
related to alack of access to adequate and
appropriate food.19

The shift toward greater per capita con-
sumption of animal products has a major
impact on societal demand for agricultural
crops. Inricher nations, about 8,000 calo-
ries per day of agricultural crop production
are required to provide the 3,500 calories
of food brought into the household by the

average person.>° The 4,500 calorie differ-
ence between the caloric content of the
crops that must be grown and the caloric
content of food brought into the household
mainly represents the calories fed to the
animals used to produce animal-based
foods.

The reason that increased demand for
meat, milk, and eggs resultsinlargeincreas-
esinagricultural production is directly re-
lated to the inefficiency with which vari-
ous animals convert feed cropsinto edible
animal-based foods. For example, for cat-
tle to create one kilogram of edible beef
protein they must eat twenty kilograms of
plant protein, foraratioof 1:20. Theratiois
1:5.7 for pork; 1:4.7 for poultry; 1:4.4 to
1:4.8 for aquaculture production of hal-
ibut, salmon, cod, and arctic char;1:3.9 for
milk; and 1:2.6 for eggs.?! In total, more
than half of all agricultural crop produc-
tion and land use in richer nations feeds
livestock, rather than producing crops for
direct human consumption.?? Animal pro-
ductionisnotonly calorie-intensive, butis
alsoland-intensive: approximately 8o per-
cent of global agricultural land is used to
grazelivestock and a significant portion of
cropland is for animal feeds.?3

In summary, the major reason why a
world with about 30 percent more people
in 2050 would demand about 100 percent
more production of agricultural crops is
because of the feed necessary to meet in-
creased demand for animal-based foods re-
sulting from therisingincomes of billions
of people in the developing world.?4 In-
creased demand for empty calories directly
consumed by people, often in the form of
sugars, fats, oils, and alcohols, also con-
tributes to this demand, though to alesser
extent.

These dietary shifts also have major im-
plications for human health. The global
trend toward consuming more total calo-
ries, more empty calories, and more meats
and dairy is called the global nutrition tran-

Dcedalus, the Journal of the American Academy of Arts & Sciences



Figure1

The Dependence of Meat Consumption on Income
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and David Tilman and Michael Clark, “Global Diets Link Environmental Sustainability and Human Health,” Nature

515(2014): 518 —522.

sition.?S Driven by increases inincome and
urbanization, the global nutrition transi-
tion results in increased rates of obesity, di-
abetes, heart disease, and other diet-relat-
ed chronic noncommunicable diseases in
both developing and developed coun-
tries.20 For instance, as China industrial-
ized from 1980 to 2008, the incidence of di-
abetes increased from less than 1 percent
of its population to more than 10 percent,
andisstill increasing.?7 Even when viewed
at a global level, the increased incidences
of noncommunicable diseases are large. For
instance, the age-adjusted global incidence
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of diabetes increased 45 percent from 1990
to 2013.28 The incidences of all noncom-
municable diseases are increasing so rap-
idly that such diet andlifestyle-dependent
diseases are projected to become the ma-
jor burden of disease for the world by
2030.29

The “green revolution” began when the
agronomist Norman Borlaug bred new
strains of wheat capable of much greater
yields (defined as crop production per unit
of area) than local varieties if provided
with fertilizer and, if needed, water. Yield

David
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increases in wheat were followed by work
thatled to similar increases in rice produc-
tion. When this technology was adopted
rapidly, as it was for wheat production by
both Pakistan and India between 1965 and
1970, yields almost doubled. On the global
scale, production of cereal grains doubled
from 1960 to 1995 mainly because of green-
revolution technologies (but alsobecause of
landbeing cleared to create new cropland),
even though such technologies had not
been adopted by most African nations.
This rapid increase in the global food sup-
ply helped meet the demands of a rapidly
growing global population, thus averting
what had been anticipated to be global
episodes of mass starvation.3° The bene-
fits of the green revolution were immense;
but to illuminate the potential impacts
driven by the anticipated doubling of glob-
al crop production over the next forty to
fifty years, it is necessary to consider some
of the green revolution’s harmful impacts
on human health and the environment.

Use of nitrogen fertilizer, phosphorus fer-
tilizer, and irrigated water increased great-
ly during the green revolution. From 1960
to199s, the annual global application of ni-
trogen fertilizer on agricultural land in-
creased from ten million to seventy mil-
lion metric tons. Phosphorus fertilization
tripled and irrigation doubled.3! The dou-
bling of food production thus increased ni-
trogen application seven-fold, tripled phos-
phorus application, and doubled irrigation.
The global use of these inputs has contin-
ued to increase: more than one hundred
million metric tons of nitrogen fertilizer
were applied in 2010, a rate comparable to
all natural inputs of biologically available
nitrogen into ecosystems.3*

Because of agriculture, humans are now
the dominant force controlling the terres-
trial dynamics of the global nitrogen and
phosphorus cycles.33 Although crops cap-
ture about half of these fertilizers, the ni-
trogen and phosphorus not incorporated

into plants can be carried by erosion or
leach into aquifers, rivers, and lakes, or en-
ter the atmosphere. The net effect is nu-
trient pollution of terrestrial and aquatic
ecosystems. In lakes, these agricultural pol-
lutants can, in extreme cases, ruin fresh-
water fisheries and cause blooms of blue-
green algal species that can make the water
toxic for livestock and human drinking.34
Where large rivers drain agricultural run-
off into oceans, these nutrients create mas-
sive blooms of algae and subsequent oxy-
gen-free dead zones where fish cannot sur-
vive.35 Moreover, irrigation of croplands
accounts forabout 75 percent of humanity’s
consumptive use of freshwater.36 Some of
the world’s larger rivers have so much wa-
ter removed for human use that there are
years when the rivers no longer flow into
their receiving oceans. In the United
States, for example, the Colorado River
reached the Sea of Cortez just once in the
last sixteen years (in2014).

Global use of herbicides, insecticides,
and other pesticides expanded equally dra-
matically during the green revolution. Ap-
plications of these chemicals increased six-
fold over a span of thirty-five years, from
about one-half million metric tons per year
in 1960 to more than three million metric
tons per year by 1995.37 Some localized
pesticides are redistributed globally, both
in water supplies and in the atmosphere,
causing health impacts in humans, fish,
birds, and mammals.

The green-revolution doubling of global
food production required the clearing of
one hundred fifty million hectares of crop-
land, which is about the size of Alaska. At
the same time, about three hundred mil-
lion hectares of pastureland were cleared,
which is one-third the area of the United
States.38 This conversion of forests, savan-
nas, and grasslands to agriculture de-
stroyed high-diversity native ecosystems
and replaced them with frequently dis-
turbed systems planted with one or a few
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crop or pasture species. Such habitat de-
struction is a major threat to global biodi-
versity, with the risk of extinctions esca-
lating as more land is cleared.39
What we eat may have a greater impact
on greenhouse gas emissions than what
form of transportation we use. On a global
scale, agriculture accounts for more than
25 percent of total greenhouse gas emis-
sions.4° In contrast, all forms of transpor-
tation, including automobiles, airplanes,
trains, trucks, and ships, account for only
14 percent of global emissions.4! In terms
of warming potential, expressed as the
number of gigatonnes (billion tonnes) of
carbon released as carbon dioxide, total
agricultural emissions were about four gi-
gatonnes in 2010, while transportation
emissions were about two gigatonnes.4>
What are the major sources of agricul-
tural greenhouse gas emissions ? The three
greatest sources are methane (1.7 giga-
tonnes per year), nitrous oxide (1.6 giga-
tonnes per year), and land clearing (0.9 gi-
gatonnes peryear). Methane emissions are
largely from livestock production, especi-
ally cattle and sheep. Nitrous oxide emis-
sions mainly result from nitrogen fertil-
ization. Land clearing releases carbon di-
oxide to the atmosphere when vegetation
is burned or decomposed and when soil or-
ganic matter is decomposed when tilled.
Additional, but smaller, emissions come
from agricultural combustion of fossil fuels.
Foods differ greatly in their greenhouse
gas emissions, whether these are measured
per calorie, per gram of protein, or per
serving.43 Plant-based foods generally have
the lowest emissions, followed by eggs,
then nontrawled marine fish, then poultry,
pork, dairy, and aquaculture, then trawled
fish, and finally ruminant meats, includ-
inglamb, goat, and beef (Figure 2).
Contrary to popular perception, fossil
fuel emissions associated with food trans-
portation are a minor component of total
agricultural greenhouse gas emissions.44
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Rather, agricultural emissions are over-
whelmingly from beef and lamb produc-
tion, nitrogen fertilization, and land clear-
ing.45 Minimizing beef and lamb con-
sumption, eating moderate amounts of
other meats and low-fat animal products,
eating crops grown with moderate fertil-
ization, and minimizing food waste are ef-
fective ways for individuals to decrease
their dietary greenhouse gas emissions.

The environmental impacts of the green
revolution suggest that a second doubling
of global crop production might cause sub-
stantial increases in global land clearing,
fertilizer use, pesticide use, and greenhouse
gas emissions.4% Analyses based on past
trends, relationships, and methods and
practices estimated that a 170 percent in-
crease in nitrogen fertilization, a 140 per-
cent increase in phosphorus fertilization,
a190 percent increase in irrigation, and a
170 percent increase in pesticide use might
be required to double global food produc-
tion by 2050.47 Because these greater in-
puts are associated with increased yields,
only a 23 percent increase in cropland and
a16 percent increase in pastureland were
forecast.48

Doubling global crop production is also
predicted to increase global agricultural
greenhouse gas emissions by an amount
equal to current emissions from all forms
of transportation combined.49 These in-
creased emissions would come from meth-
ane emissions from increased production
of cattle, sheep, and rice; nitrous oxide
emissions from increased nitrogen fertil-
izer application; and increases in agricul-
tural fossil fuel combustion. If global agri-
culture were to continue on its current tra-
jectory, we have estimated that global
agricultural greenhouse gas emissions from
food production in 2050 would be about
six gigatonnes per year: a 50 percent in-
crease from currentlevels.5°
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Source: Figure uses results of hundreds of lifecycle analyses, as summarized by David Tilman and Michael Clark,
“Global Diets Link Environmental Sustainability and Human Health,” Nature 515 (2014) : 518 — 522.

Although global agriculture seems ca-
pable of feeding ten billion people by 2050,
the resulting environmental impacts — if
agriculture grew along established global
trajectories — would be great.5! Moreover,
the global health impacts of the nutrition
transition are also serious.5> There are,
however, several major ways to reduce the
environmental impacts of agriculture
while still providing a fully populated Earth
with healthy and nutritious diets. These
include increasing crop yields, avoiding
or reversing the shift to less healthy and
more environmentally harmful diets, re-
ducing crop and food waste, and using fer-
tilizersandirrigation water more efficiently.

Much of the world’s croplands produce
significantly less food than their potential.
The difference between the crop yields that
could be obtained on a piece of land by us-
ing current technology and management
techniques and the yields that are actually
obtained is called the yield gap.53 Nations
with lower per capita incomes tend to have
larger yield gaps. For instance, much of
sub-Saharan Africa has maize, wheat, and
rice yields that are only 20 — 25 percent of
what could be attained in those nations
using improved technologies and prac-
tices (yield gaps of 75 percent to 8o per-
cent).>4 These yield gaps suggest that im-
proved agronomic methods could increase
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the food supplies of these nations by 300 -
400 percent while using only the existing
croplands of these nations. One reason for
theseimmense yield gaps is that the poor-
est nations currently apply less than five
kilograms of nitrogen fertilizer per hectare
(and similarly low amounts of other in-
puts), whereas the richest nations apply
thirty times that amount. Similarly, of the
one hundred most populous nations, the
fifteen nations with incomes nearest the
global median income have fertilization
rates that are less than half those of the fif-
teenrichestnations, andyields thatare one-
third of those of the richest nations.55

Some analyses suggest that increasing
yields in nations with large yield gaps may
cause less environmental harm from green-
house gas emissions and habitat destruc-
tion than would the clearing of natural eco-
systems to create the new cropland needed
to produce this amount of food at current
yields.5¢ For instance, green-revolution
technologies doubled global crop produc-
tion while only increasing global cropland
by 10 percent, thus sparing millions of
hectares from clearing.57 Because of the
immense amounts of greenhouse gasses
that are released whenland is cleared and,
for several subsequent decades, tilled, the
green-revolution technologies applied to
existing croplands lead to lower net green-
house gas emissions than would result
from doubling crop production by simply
doubling the land area being farmed.58

Closing the global yield gap should be a
top global priority.59 It would increase food
supply in the nations that have the most
malnourished people, as well as in the na-
tions currently experiencing the most rap-
id increase in food demand from popula-
tion growth and dietary shifts.

A recent study found that should all na-
tions achieve yields of 95 percent of their
attainable levels (a 5 percent yield gap), no
new land would be needed to meet 2050
global food demand.®© Similarly, shrink-
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ing the yield gap by using fertilizer at rates
of about 8o percent of those in the richest
nations, which would decrease environ-
mental harm from overfertilization, could
increase global crop production by 70 per-
cent.01

Inthe1960sand 1970s, the green revolu-
tion approximately doubled the maximum
achievable crop yield of several major crops
through crop breeding and increased fer-
tilizer use. The rate at which global yields
subsequently increased was then mainly
dependent on the rate at which green-rev-
olution crop strains and nutrient manage-
ment techniques were adopted in various
nations. Post—green revolution advances
in breeding and agronomic techniques
haveled to continual increases in crop yield
maxima.®2 However, the annual yield in-
creases of three major crops - soybeans,
rice, and wheat — have consistently shrunk
over the past forty years, with their average
annual rate of increase for 1990 to 2007 be-
ing only 0.8 percent. Moreover, yields of
some crops seem to be approaching bio-
physical yield ceilings.®3 Wheat yields in
TheNetherlands, the United Kingdom, and
France, which are among the highest wheat
yieldsin the world, have notincreased over
the past ten to fifteen years. Similar yield
plateaus werereached forricein Korea, In-
donesia, and California about fifteen to
twenty years ago. These plateaus suggest
that crop yields have an upper limit. But
many other crops that are important ele-
ments of diets, including roots, vegetables,
fruits, nonmajor cereals, and seed and oil
crops, have not undergone intensive breed-
ing programs and likely would greatly
benefit fromuse of new breeding and agro-
nomic techniques.

The nutrition transition is creating a
global pandemic of obesity, diabetes, and
heart disease thatis decreasing the quality
of life and increasing mortality rates for
multitudes of people around the world.4
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As per capita caloric consumption, empty
calorie consumption, and meat consump-
tion increased, global incidences of obesity,
diabetes, and heart disease also increased.®5
Researchers anticipate that global rates of
diet-related diseases will continue to in-
crease as diets shift toward increased cal-
orie, empty calorie, and meat consumption,
causing noncommunicable diseases to be-
cometheworld’sgreatest disease burden.6°
Just as nutrition transition diets are the
cause of these health problems, so can al-
ternative diets be their solution. A diet high
in vegetables and fruits, nuts and seeds,
whole grains, and fish — such as the Medi-
terranean diet or the DASH (Dietary Ap-
proaches to Stop Hypertension) diet®7 -
can offer many health benefits when com-
pared to the diets resulting from the glob-
al nutrition transition. Consider, for in-
stance, the health benefits of Mediterra-
nean and vegetarian diets. Both diets have
a much greater portion of their calories
and protein coming from plant, rather than
animal, sources. When controlling for a
number of potentially confoundingfactors,
and when compared to persons consum-
ing the usual omnivorous diet of a given re-
gion, people who consume a Mediterra-
nean orvegetarian diethavebetween 15 — 40
percent lower incidences of diabetes and
20 — 25 percent lower mortality from coro-
nary heart disease.®® Pescetarian diets,
which basically are vegetarian diets thatin-
clude seafood in place of some of the dairy
and eggs, have similar health benefits.®9
Healthier diets also provide major envi-
ronmental benefits. Compared to the green-
house gas emissions forecast to result from
the nutrition transition, these alternative
diets would lead to significantly lower
global emissions (Figure 3) while decreas-
ing global land clearing between now and
2050 by about five hundred million hec-
tares.’© The major reason for these envi-
ronmental benefitsis that the healthier di-
ets involve lower consumption of empty

calories and meat, and greater consump-
tion of vegetables and fruits, thus reversing
the trajectory of the nutrition transition.

Approximately one-third of global agri-
culture production is wasted.”! The pro-
portion of food waste in society tends to
increase alongside its members’ incomes.
Further, waste tends to shift from primari-
ly agricultural production waste toward
more household food waste asincomes in-
crease. Should all food waste be cut in half
by 2050, we could reduce 2050 agricultural
land use by approximately three hundred
million hectares and cut greenhouse gas
emissions from crop production by one-
fifth.7>

Reducing food waste in developing and
developed economies is feasible. In devel-
oping economies, better crop harvesting
and storage, as well as increased access to
refrigeration, could reduce substantial
waste.”3 In developed economies, reducing
waste in retail stores and households has
great promise. For instance, encouraging
the use of abnormally shaped or slightly
blemished produce, as is done by the
French supermarket Intermarché, or in-
centivizing sales of foods about to reach
“staledates” canreduce waste, as could sell-
ing foods in smaller portion sizes.

Numerous studies have shown that yields
can be maintained, or even improved, via
more efficient use of fertilizers, irrigation,
and pesticides.”4 Thiswas demonstrated in
the European Union in the 1990s upon
adoption of regulations designed to in-
crease water quality by reducing excess ap-
plication of nitrogen fertilizers. Since then,
cropyields in several large EU nations have
continued to increase along their estab-
lished temporal trajectories, but use of ni-
trogen fertilizer has decreased by 20 —30
percent. These outcomes (and other stud-
ies) suggest that the environmentally detri-
mental impacts of agricultural fertilization
can be significantly decreased without im-
posing a cost to crop yields.7>
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Figure3

How Healthier Diets would Impact Future Changes in Greenhouse Gas Emissions

from Agricultural Production
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Using 2009 production emissions from global agriculture as the baseline (setting 2009 values to zero), emissions
from the global diet that may be generated by the nutrition transition (2050 Global Diet) are compared to those if
diets shifted to be either a Mediterranean or vegetarian diet. Source : Figure prepared by the authors.

Eating local or organic foods is another
idea for limiting the negative environ-
mental and health consequences of agri-
culture. Local and organic foods are likely
tobe fresher, better tasting, and biased to-
ward vegetables and fruits. As such, they
could encourage adoption of healthier di-
ets. The greenhouse gas emissions from
organic and local systems are, in general,
no lower than those from conventional
systems. However, if adoption of local or
organicfoodsled tolower consumption of
meat and empty calories, it could offer
both health benefits and reduced green-
house gas emissions. The extent of any such
reduction, though, might be somewhat
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tempered by the lower yields of some or-
ganic crops.7®

Increasing the proportion of agricultural
production consumed by humans would
have positive impacts on food security and
the environment. Globally, about 60 per-
cent of grain production is used as human
food, 35 percent as animal feed, and 5 per-
cent as biofuels.”7 Greater direct consump-
tion of plant-based foods, preferential con-
sumption of low feed-input animal-based
foods such as eggs, milk, and poultry meat,
and elimination of food-based biofuels
would allow current crop production to
feed approximately an additional one bil-
lion people without increasing agricultural
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land requirements, and would reduce ag-
ricultural greenhouse gas emissions.”8

Agricultural tradeamong nations can al-
sobe environmentally beneficial. Because
of climatic and soil conditions, different
nations are better suited to produce differ-
ent combinations of crops, thereby giving
them a comparative advantage in their
production. Trade among nations based on
such comparative advantages can allow na-
tions to produce the crops for which they
have the highest relative yields and trade
them internationally to meet their needs
for other crops. The net effect of such trade
is to increase global yields and thus de-
crease theamount ofland and inputs need-
ed to meet global food demand.

If the anticipated doubling in global crop
production were achieved by following the
agricultural trajectories of the past forty
years, it would impose major environment-
al harm through global greenhouse gas
emissions, excessive fertilizer use in devel-
oped nations, and land clearing in devel-
oping nations. Moreover, the dietary trans-
ition now underway is causing a global
pandemic of noncommunicable diseas-

ENDNOTES

es.”9 The same dietary changes that would
prevent this epidemic would also prevent
much environmental harm.

Food is essential for life; people will do
whatever they can to obtain it. Neither na-
ture reserves nor their fences and guards
will do anything more than shift the land
being cleared from one location to anoth-
er. Increasing yields by shrinking or clos-
ing yield gaps could, on current cropland,
meet 70 percent or more of the food de-
mand anticipated by 2050.89 It could save
global biodiversity by reducing the need
for land clearing. Indeed, it is hard to
imagine any other means by which biodi-
versity could be saved except by decreas-
ing the need to destroy ecosystems to grow
food. Most important, the peoples of de-
veloping nations deserve adequate and
nutritious diets and the health that such
diets bring. They deserve secure food sup-
ply systems that can help assure stable gov-
ernments and increase access to educa-
tional and economic opportunities.8! The
single most important action for meeting
all of these goals is to invest in increasing
yields in developing nations.
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Invisible Women

Catherine Bertini

Abstract: Women are ubiquitous and critical to the nutritional well-being of their families, yel they are of -
ten invisible to policy-makers, public officials, communily leaders, and researchers. Effecting significant
decreases in the number of hungry poor people, as well as the improvement of nutritional and economic
outcomes, requires policy in addition to operational and research priorities that are directed at the needs of

women and girls.
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Food is grown to be consumed: by livestock, fish,
even vehicles. But of course, the primary consumer
of food is humankind. And the primary providers of
food as meals - in virtually all of the developing
world and much of the developed world — are wom-
en. As I remarked in my plenary address to the
Fourth World Conference on Women in September
1995 in Beijing, China:

Women eat last. In almost every society in the world,
women gather the food, prepare the food, serve the
food. Yet most of the time, women eat last. A woman
feedsherhusband, then her children, and finally — with
whatever is left — she feeds herself. Even pregnant
women and breast feeding women often eat last when,
of all times, they should eat first.!

Should you be tempted to assume such practices
are no longer the norm, consider the findings out-
lined in the Institute for Developmental Studies’
2014 BRIDGEreport Gender and Food Security : Towards
Gender-Just Food and Nutrition Security: “Even during
pregnancy, ‘special careis not always taken to ensure
women receive enough food.””*

Twenty years after the Fourth World Conference
on Women, it is not just the household pecking order
for food consumption that is a concern, but also the
invisibility of women when it comes to policy-making
ateverylevel: from the household, to the community,
to the private sector, to research, to local, regional,
and national governments.

© 2015 by Catherine Bertini
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Women are the key human ingredient to
adequate diets for families. As such, their
voices should be sought after, listened to,
and acted upon.

Adequate nutrition depends on a well-
balanced diet. For those who can afford al-
mostno food - the 795 million people who,
according to the Food and Agriculture Or-
ganization (FAO) of the United Nations,
are chronicallyundernourished — the strug-
gle to obtain any food is a daily challenge.3
For therest of the world, including the very
poor, eating the “right” balance of foods is
key. In fact, the word malnutrition has taken
onan expanded meaning. Itsuse no longer
connotes only those who have too little to
eat, but also those who consume too much
orlack dietary balance. In other words, an
obese person is also “malnourished.”

Obesity is growing in virtually every re-
gion in the world. It has fast become a ma-
jor source of the world’s most widespread
diseases, commonly called noncommuni-
cablediseases (NCDs), including high blood
pressure, diabetes, heart disease, asthma,
liver disease, and sleep disorders. NCDs are
now the leading cause of human death in
the world.4

There are now almost as many people
worldwide who are obese (600 million) as
are chronically undernourished (795 mil-
lion).5 It won’t be many years until those
numbers intersect; obesity rates are dra-
matically rising while undernourishment
rates are gradually decreasing, even as the
global population increases. Some of the
most dramatic growth in obesity rates is
among children under five years of age. For
instance, between 2000 and 2013, the preva-
lence of overweightin children underfivein
Southern Africarose from1to19 percent.®

The Chicago Council on Global Affairs
report Healthy Food for a Healthy World :
Leveraging Agriculture and Food to Improve
Global Nutrition predicts that the decline in
global productivity due toillness and death
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from these chronic diseases will reach $35 Catherine

trillion by 2030.7 The report also points out  Bertini

that adults who were undernourished as
children earn 20 percent less in income
than those who were not.8

Malnutritionis costly in other ways, too:
4 -9 percent of most countries’ GDP is
spent on medical costs related to over-
weight or obesity.?

There are many reasons behind these
trends, including increased consumption
of overly processed foods that add sugars
and salts in place of nutrients, overcon-
sumption of food generally, and lack of di-
etary variety (most commonly manifested
as too few fruits and vegetables and too
much starch). Some of these factors stem
from poverty. In order to maximize the
amount of food she has available to feed her
tamily, a poor mother might buy cheaper
foods that are higher in starch: potatoes,
rice, and flour-based breads. In the United
States, cheaper foods may also mean large
bottles of sugary drinks. It seldom means
more fruits and vegetables.

Fruits and vegetables are not only more
expensive than processed foods, they are
also less readily available to consumers.
Their perishability causes huge shifts in
availability and costin countries wherere-
frigeration technology is minimal. Forafew
weeks, the market is swamped with a cer-
tain vegetable or fruit, causing the price to
drop; later, availability is scarce and the
priceishigh.Inthe United States, the Sup-
plemental Nutrition Assistance Program
(SNAP; formerly known as food stamps)
allocation is distributed once monthly for
allrecipients, leaving smaller stores no rea-
son to stock perishables past the predict-
able once-monthly period of major food
purchases.

Back to the pregnant woman: while cul-
ture and society, not to mention household
priorities, should ensure that she hasenough
of the right foods to eat, she still too often
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Invisible does not. Developed countries like the
Women [Jnited States are taking action to address

this discrepancy: for example, the United
States created the Special Supplemental
Nutrition Program for Women, Infants,
and Children (W1C)in 1974, under the Nixon
administration, to support the nutritional
needs of poor pregnant mothers and their
infants and toddlers through distribution
of specific foods and nutrition education.
Itiscommonly considered the most effec-
tive national nutrition program.

During my term at the United States De-
partmentof Agriculture (USDA)in the early
1990s, we created a special food package
for breastfeeding mothers in the WIC pro-
gram. After all, until then the government
encouraged women to breastfeed but only
gave poor women infantformula. UNICEF’s
data on incidence of breastfeeding con-
firmed that the U.S. rates for low-income
women began to increase (although still
not at high enough levels) following im-
plementation of the program. (Clayton
Yeutter, then—Secretary of the USDA un-
der President George H.W. Bush, recog-
nized the program’s importance; he cut
the ribbon on the first WIC clinicin 1974.)

The World Health Organization (WHO)
has concluded that “Exclusive breastfeeding
—defined as the practice of only giving an
infant breast milk for the first six months
of life — has the singlelargest potential im-
pact on child mortality of any preventive
intervention.”© A multiyear, multicoun-
try WHO study proved that infant growth
outcomes are similar whether the mother
is from Norway or Ghana — from a rich or
poor country — as long as the mother re-
ceives adequate nutrition herself.!!

The most critical period in the develop-
ment of a human is from her time in utero
until age two (some experts say age five).
This is the period when she grows physi-
cally and intellectually, when her cells are
multiplying fastest. Without adequate nu-

trition during this period — which comes
from her mother - she will be stunted in
some way, and she can never make up the
lossinlater years. A person who goes hun-
gry for months at age twenty-five or fifty
can recoup losses; a one-year-old child
who goes hungry for months cannot. In
tact, for a child who had been stunted, sig-
nificant weight gain laterin life, even later
in childhood, often results in obesity. The
lack of physical and/or intellectual capac-
ity caused by alack of food and nutrition in
early childhood impacts a person’s eco-
nomic well-being for life. And if a stunted
young woman becomes pregnant while she
still has an inadequate diet, she will give
birth to a child who, if he survives, will be
stunted himself. Thus, malnutrition per-
petuates the cycle of poverty.

Therecent International Food Policy Re-
search Institute (IFPRI) report Women’s Em-
powerment and Nutrition tells us that nearly
half (43 percent) of the decreases in chil-
dren underweight between 1970 and 1995
havebeen due to the empowerment of wom-
en, asmeasured through improvementsin
women’s education.!? For example, the
Helen Keller International Program in Bur-
kina Faso found that educating women in
farming households via women extension
agents led to increased dietary diversity
and decreased wasting, anemia, and diar-
rheaamongthe women and their children.

The nutrition-based cycle of poverty is
most prevalent in rural areas of the devel-
oping world. Urban poverty is a growing
scourge in many parts of the world, but the
poorest and hungriest people are still those
whose major source of incomeis cultivating
food. They may be subsistence farmers or
they may work for extremelylow wages on
other farms. A high percentage of these
farmers are women. The FAO estimates that
women make up 43 percent of all agricul-
ture laborers in developing countries, in-
cluding atleast 50 percent in sub-Saharan

Dcedalus, the Journal of the American Academy of Arts & Sciences



Africa.!3 This figure undercounts the mil-
lions who work for no pay as part of their
household and familial responsibilities.

Women’s and men’s agricultural jobs
vary in different communities, different
climates, and differentregions. Often, men
areresponsible for thelarge cash cropslike
tobacco, maize, and wheat. Women may
weed or help plant these crops, but they
may also be primarily responsible for in-
digenous crops like cassava or millet. In
livestock, men care for the larger animals;
women typically manage milking and care
for smaller animals.

And in almost all cultures in which wo-
men and menworkinagriculture, theman’s
workday startsand finishes in the field. But
thewoman’s job starts when the babies cry
and need food before dawn, when the cow
needs to be milked, when breakfast is
cooked, when the children are dressed to
go to school, and it continues after a full
dayin the field when she fetches water and
firewood and food for the evening meal,
and cooks the meal, milks the cow, and tends
to her children and husband.

Yetwomen and men donot have the same
access toagricultural inputs — to seedsand
fertilizer,land, and extension services. The
FAO estimates that if they did, women’s
agricultural production would increase
10 — 20 percent.'4 The CGIAR (Consultative
Group for International Agricultural Re-
search) Research Program on Water, Land
and Ecosystems notes, in Water-Smart Agri-
culturein East Africa, that “increasing the re-
sources that women control hasbeen shown
toimprove the nutritional, health, and ed-
ucational outcomes of their children.”15

The 1FPRI, who is without peer in its re-
search and writing about gender and agri-
culture, has argued that educated farmers
are more productive than noneducated
farmers; women are illiterate at higher
rates than men ; and women are morelikely
to follow the successful farming practices
of otherwomen than those of men. Yet the
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to men.

Once afarm becomes slightly more suc-
cessful, it might mechanize afunction. This
mechanized function then often shifts to
the male purview, even if it was earlier con-
sidered a “female” role.

Muhammad Yunus, founder of the mi-
crofinance organization Grameen Bank,
which launched in Bangladesh and now
operates in many countries around the
world, has spoken openly about differences
in resource use across genders. The IFPRI
and other experts have validated Yunus’s
findings that resources that enter a house-
hold and are controlled by women are
highlylikely tobe spent on the needs of the
household and all of its members. Men, by
contrast, are more likely to use finances
under their control for nonhousehold re-
lated matters.16

Stunningly, an extra $10inthe handsof a
woman will add the same nutritional ben-
efitfor the household as an additional $110
given toaman.7

So far in this paper, women are every-
where. The adequate nutrition of mothers
is essential to ensuring that their children
arewell-nourished and growing. From pre-
dawn to past sundown, their lives are crit-
ical to the functioning of the household and
to obtaining and allocating resources to
supportit. Yet when policy-makers or grant-
makerslook at communityneeds, the dearth
of women in leadership or spokesperson
roles prevents them from learning what is
really required to best support the com-
munity.

Sofeedback comes from men, and it pre-
dictably centers on what the men need.
When I'was Executive Director of the Unit-
ed Nations World Food Programme, I once
visited an area in rural Angola where the
fieldshad recently been demined following
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Invisible atrucein the civil war. The farmers told us
Women that they could not work in the fields be-

cause they did not have any implements.
“What do you need ?” we asked; “Hoes,”
they answered. There were perhaps one
hundred hoes — implements with long poles
and rectangular metal spades — stacked up
against a fence. “What is wrong with
these?” I asked. “Theyaremalehoes,” they
answered.

Did you know that in Angola, hoes are
gender differentiated ? I did not, and clearly
the well-meaning NGO who ordered the
hoes did not either. Why? The NGO had
not talked to the women. In that region of
Angola, women were the only people who
tilled the fields, but they did notuse thelong-
poled hoes. Women’s hoes, it turned out,
had shorter wooden handles and shovel-
like spades at the end. Unlike the “male”
hoes that were used from a standing posi-
tion, women had to squat to use the “fe-
male” hoe, a preferred technique because
women worked most of the day with babies
strapped to their backs, and squatting put
less stress on the back than leaning over,
weighed down by a child.

Forme, this story became a metaphor for
the importance of always speaking with
the people who know what their needs are,
and that those who do not specifically seek
out women in order to understand their
needs may waste their entire contribution
to the good they seek to accomplish.

It also reminds me that women are gen-
erally notin communityleadership rolesand
are too often politically invisible. In fact, it
may be their “job” not to speak up ; anyway,
they are busy in the home and the fields all
day and night. While women are the font
of life for the family, they are not first call
for community knowledge, though they
should be.

For women to be seen and heard, and for
societies to benefit from their knowledge,
skills, and perspectives, we must:

. Educate girls. The latest data from the
United Nations Millennium Develop-
ment Goal (MDG) project show that the
goal of universal primary education has
mostly been met.'8 But those data mea-
sure “enrollment” and not attendance,
participation, progress, or the quality of
education received. The data also show
that the biggest gender gap comes in the
transition from primary to secondary
school. Further, there are still less girls
than boys in schools. Yet when girls are
educated, they have fewer children than
their uneducated sisters, maternal mor-
tality declines, their children see better
nutritional and general health outcomes
(and are also more likely to attend
school), the women are more productive
farmers, and their economic opportuni-
ties and lifelong earnings increase.

- Start research with women’s needs. The most
wonderful new seed, capable of growing
drought- and pest-resistant crops atvol-
umes multiple times greater than in the
past, could be useless if the taste and
cooking time are not palatable to the
lives of the cooks: the women. Include
them in the process.

« Enhancewomen'’s health support. A mother’s
health is directly related to that of her
children. Health care centers, research,
and education all can make her stronger.

« Support breastfeeding. One model of sup-
port is that employed by the American
advocacy group 1000 Days. They pro-
mote theidea that the daysbetween con-
ception and a child’s second birthday are
the most critical days in a human’s life.
Another effortis the UNICEF/WHO Baby-
Friendly Hospital Initiative (BFHI), a
twenty-four-year-old campaign to make
every hospital “baby friendly” so that
women giving birth receive the infor-
mation and support they need to ex-
clusively breastfeed their infants.
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« Improvewomen’s literacy. Even if more girls  « Consider societal gender roles in all develop- Catherine

are in school now, most of their mothers ment thinking. The established roles of Bertini
were not schooled. Training girls to women and men in a given community
teach their mothers how to read and  orarena of society are critical consider-
countis aviable contribution. ations in development work. Talk to both

the women and the men, and design
programs toreach the stated objective in
amanner that is sensitive to distinct gen-
« Expand microbankingloans and insurance der norms and needs.
to more poor women, who have been
shown to dedicate resources to their
household more effectively than men.

« Create agricultural extension programs that
both include women and reach women.

Visible women can change the world.

« Create legal rights for women to own and in-
herit land, and promote those rights so
women know what is available to them.
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Food, Health & the Environment:
A Global Grand Challenge & Some Solutions

Jaquelyn L. Jahn, Meir ]. Stampfer & Walter C. Willett

Abstract: The dual burden of obesity and undernutritionis asignificant public health challenge worldwide,
especially in the context of a changing climate. This essay presents the most recent nutritional evidence for
the optimal diet for long-term health, and offers some commentary on how production of these foods affects
the environment. Current dietary research supports a diet rich in fruils and vegetables; nuts, legumes, fish,
andsome poultry as protein sources; unsaturated fats replacing saturated fats ; whole grains replacing refined
grain products; dairy foods in low to modest amounts ; and minimal amounts of red meat and added sugar.
This healthy dietary pattern also supports sustainable agriculture and environmental preservation.
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Public health efforts worldwide have traditionally
focused on alleviating undernutrition — inadequate
calories and protein for optimal growth and devel-
opment — but obesity has simultaneously risen as a
major contributor to morbidity and mortality world-
wide. Urbanization and globalization have enabled
the widespread availability of foods of low nutri-
tional quality and, compounded by declining physi-
cal activity, these result in positive energy balance
and weight gain. For example, in Mexico, the preva-
lence of obesity has been steadily rising since the
1980s, and about 70 percent of the Mexican popula-
tion is now overweight or obese.! Concurrently, un-
dernutrition remains a significant challenge in many
low- and middle-income countries, where the dou-
ble burden of overnutrition and undernutrition is
particularly severe among low-socioeconomic stra-
ta in rural areas. Total caloric intake is often ade-
quate, but the diet qualityis declining: consumption
of saturated and trans fats, sugar, and refined wheat
or other grains have increased, while people are eat-
ing fewer legumes and whole-grain cereals. Despite
the dramatic increase in knowledge regarding the
impact of diet on human health over the past sever-
aldecades, the prevalence of diabetes and other non-
communicable diseasesisincreasing worldwide, in-
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dicating serious metabolic imbalance. In
this essay, we discuss the major macronu-
trients (protein, fat, and carbohydrates),
provide brief comments on micronutri-
ents (vitamins), and offer some tentative
conclusions on the optimal diet for long-
term health and the environment.

Average protein consumption in the
United States substantially exceeds bodily
requirements, and adequate intake can be
maintained on a wide range of diets.> The
specific sources of dietary protein are more
important for health than the total protein
intake.

In affluent countries, red meat (beef,
pork, and lamb) and especially processed
red meat consumption is strongly associ-
ated with an increased risk of diabetes, to-
tal mortality, cancer mortality, and cardio-
vascular disease mortality.3 A recent meta-
analysis that included 719,361 individuals
found a 29 percent increased risk of all-
cause mortality associated with total red
meat consumption.4

Accumulating evidence suggests that
eating red and processed meat is signifi-
cantly associated with incident stroke and
stroke mortality,> as well as with an in-
creased risk of type 2 diabetes.® We found
thatincreasing red meat by more than one-
half serving per day was associated with a
48 percent elevated risk of diabetes in the
subsequent four-year period, whereas re-
ductions in red meat intake by more than
one-half serving per day was associated
with a 14 percent lower risk of diabetes
over the same period.” Reducing red meat
intake willlikely decrease the incidence of
cardiovascular disease, stroke, diabetes,
colon cancer, and possibly premenopausal
breast cancer. Components other than fat,
such as heat-induced carcinogens or iron,
may be responsible for some of the adverse
effects of red meat consumption.

Notably, these analyses on red meat in-
take were conducted in Western popula-

tions, but meat consumption varies sub-
stantially across the globe. By contrast, ina
pooled analysis of Asian cohort studies,
red meat consumption did not appear to
increase the risk of all-cause or cancer
mortality.® This discrepancy may be ex-
plained in partby the fact that Asian popu-
lations eat much less meat. In 2007, aver-
age meat consumption in the United States
was122.8kilogramsperyear (kg/y), where-
asconsumptionin China, Japan, and South
Korea ranged from 46.1 to 55.9 kg/y. As
noted by the authors of that analysis, the
discrepancy could be attributed to meat re-
cently being more readily available to East
Asians of higher socioeconomic status,
who also have better overall health, and
thus, the current levels of red meat intake
donotreflectlong-term intakes.

Even though eating red meat has been
shown toadversely affectlong-term health,
meat can be useful for nutrient deficient
populations in which diets otherwise con-
sist mainly of starchy staples because it is
richin protein, iron, zinc, vitamin B12, and
other nutrients. Growing children espe-
cially require a positive protein balance,
and animal proteins can help fillimportant
nutritional gaps; but red meat is not the
best choice. As meat consumption rises
around the world, it will become increas-
ingly important to understand the rela-
tionship between red meat consumption
and mortality and chronic disease rates,
which are also rising rapidly in most of
these populations.

In the United States, a key distinction is
between unprocessed and processed red
meat. Processed meats — such as cold cuts,
sausages, and bacon — contain four-fold
higherlevels of sodium and 50 percent high-
ernonsalt preservatives, including nitrate,
nitrites, and nitrosamines, which are im-
portant to the biologic mechanisms of cor-
onary heart disease (CHD), stroke, and di-
abetes. Processed meats simply have no
placein a healthy diet.

Dcedalus, the Journal of the American Academy of Arts & Sciences



Whilelow consumption of red meat ap-
pears to be desirable forlong-term health,
poultry fat is relatively unsaturated com-
pared to red meat. Eggs are an efficiently
produced protein source and contain many
vitamins. Despite public statements to the
contrary, recent research has shown that
moderate egg consumption does not in-
crease the risk of heart disease, except in
diabetics.

Fish is another healthful protein source
and islinked with lower risk of cardiovas-
cular disease (CVD) mortality, stroke, and
total mortality. One comprehensive analy-
sis estimated that eating about two grams
per week of omega-3 fatty acids in fish,
equal to about one or two servings of fatty
fish per week, reduces the chances of dying
from heart disease by more than one-third.
Conversely, excess mercury exposure in
fish can be dangerous, especially for preg-
nant women because of the risk of fetal de-
velopmental impairments. King mackerel,
shark, swordfish, and tilefish are reported
to have the highest levels of mercury and
should be avoided by pregnant and lactat-
ing women. However, eating more than
two servings of fish per week or taking fish
oil supplements during pregnancy is ben-
eficial for child cognitive performance.9

Nuts are nutrient-dense and contain un-
saturated fatty acids, fiber, vitamins, min-
erals, antioxidants, and phytosterols. Ob-
servational and intervention studies have
demonstrated beneficial effects of nut con-
sumption on biologic mediators of chron-
ic disease such as oxidative stress, inflam-
mation, visceral adiposity, hyperglycemia,
andinsulinresistance. The PREDIMED trial
of the Mediterranean dietary pattern has
also demonstrated significantly reduced
mortality among those randomly assigned
to eat three or more servings of nuts per
week.19 Nuts reduce the risk of CHD and
type 2 diabetes, likely because they are high
in unsaturated fatty acids, though perhaps
duetoothernutritional componentsaswell.
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In our prospective cohorts, we found that
those who eat nuts frequently had a20 per-
centlower death rate compared with those
who did not eat nuts.!! These findings are
supported by similar results from several
other studies. Moreover, despite being a
calorie-dense food, nut consumption strong-
lyinduces satiety and is associated with re-
duced weight gain, waist circumference,
and lower risk of obesity in observational
studies and clinical trials.

Legumesare high in bioactive compounds
such as soluble-fiber, vitamin E, folic acid,
selenium, and phytoestrogens, though their
effect on chronic disease is relatively un-
derstudied. In controlled feeding studies,
legumes have been shown to lower low-
densitylipoprotein (LDL) cholesterol con-
centrations and blood pressure.*In alarge
cross-sectional study, eatinglegumes more
than four times per week was associated
with a 22 percent lower risk of CHD.13 Le-
gumes may alsobelinked to alowerrisk of
colon cancer, perhaps by substituting for
red meat, and may help prevent diabetes
and metabolic syndrome by improving
glycemic control. Phytoestrogens in soy
foods have a similar function to endoge-
nous estrogens, and may protect against
hormone-related cancers. In the Shanghai
Women's Health Study, soy food consump-
tion during childhood was strongly inverse-
ly associated with the risk of premeno-
pausal breast cancer.4

A high intake of dairy products, at least
three servings per day, has been widely
touted for bone health and fracture pre-
vention,!5 but the optimal calcium intake
remains uncertain. However, U.S. recom-
mendations of 1,200 milligrams per day
are derived from balance studies lasting
less than two weeks, ' which likely reflect
transient movements of calcium in and out
of boneratherthanlong-termrequirements.
Global guidelines arelower: around soo -
7oo milligrams daily. Large prospective
studies show that high consumption of
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calcium or milk is not associated with low-
er overall fracture incidence. The small
randomized trials of calcium without vita-
min D found no significant reduction in
fracture risk, and there is scant evidence
that it prevents cardiovascular disease.!”
High intake of calcium may even increase
risk of advanced prostate cancer.'8 Over-
all, recommendations for high dairy intake
are not supported by the evidence. Al-
though low-fat dairy may be preferable for
health, nearly all the dairy fat stripped to
produce low-fat milk goes into the human
food supply, often as butter or ice cream.
For individuals who are in caloric bal-
ance, any change in amacronutrient intake
must be balanced by an offsetting change
inintake of another macronutrient. Hence,
formacronutrients, it is most useful to think
in terms of substitution, rather than sim-
plyincreases or decreases. A recent substi-
tution analysis showed that replacing one
serving per day of total red meat with fish,
poultry, nuts, legumes, low-fat diary, or
whole grains was associated with a lower
risk of diabetes and total mortality.!9 Thus,
the replacement of red meat with a combi-
nation of nuts, fish, poultry, and legumes
as protein sources seems optimal for over-
alllong-term health (see Figure1).

Until recently, dietary recommendations
suggested reducing total fat intake to de-
crease coronary disease and cancer. Recom-
mendations were based on the observa-
tion that total serum cholesterol, increased
by saturated fat, predicted coronary dis-
ease risk. However, high-density lipopro-
tein (HDL) cholesterol is strongly protec-
tive against CHD, and the ratio of total cho-
lesterol to HDL is a far better predictor of
cHDrisk than total cholesterol.2° Indeed,
substitution of carbohydrate for saturated
fat, the basis of most dietary recommen-
dations until recently, reduces beneficial
HDL. In contrast, adiet that substitutes un-
saturated fat for saturated fat is more ben-

eficial because it reduces atherosclerotic
LDLwithoutaffecting HDL (see Figure2).2!
Furthermore, contrary to popular belief,
data from many large prospective studies,
apooled analysis, and two large random-
ized trials indicate that total fat intake con-
sumed by middle-aged women does not
increase breast cancer risk.>>

Polyunsaturated fat consumptionisrec-
ommended by the American Heart Asso-
ciation for up to 10 percent of daily energy
intake, compared with U.S. averages of ap-
proximately 3 percent in the 1950s and 6
percent at present. Omega-3 fatty acids ap-
pear to havea crucial role in the prevention
of fatal arrhythmias that can complicate
coronary disease. Alpha-linolenic acid is
an N-3 fatty acid (mainly from plant sources)
thatalsoappearstoreduce coronary disease
risk and may be particularly important
when fish intakeislow. Furthermore, in di-
etary intervention trials, incidence of CHD
is reduced when dietary polyunsaturated
fatreplaces saturated fat, but not when sat-
urated fat is replaced with carbohydrate.

By weight, trans-fatty acids have the most
adverse health effects of all fats. Small
amounts of trans fats come from the rumi-
nantanimal products, but most trans-fatty
acidsinthe U.S. dietare formed by the par-
tial hydrogenation of liquid vegetable oils
for margarine and vegetable shortening. In
India, Dalda — a type of “vegetable ghee” —
has a trans-fat level of approximately 50
percent and is a major source of domestic
culinary oils. Trans fat increases LDL and
decreases HDL, and is much more strongly
linked to coronary disease risk than satu-
rated fat.23 The United Statesisin the pro-
cessof eliminating partially hydrogenated
oils from the food supply by classifying
themasnot “generally recognized as safe.”
Use of industrially produced trans fats has
beenbanned in many jurisdictions around
the world.

Palm and soybean oils are the most wide-
ly consumed oils globally. Palm oil is low
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Figure1

Replacing Red Meat with Low-Fat Dairy, Nuts, Fish, or Poultry Reduces Risk of Health Outcomes
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A risk ratio of less than one indicates a decreased risk. Source: An Pan, Qi Sun, Adam M. Bernstein, Matthias B.
Schulze, JoAnn E. Manson, Meir J. Stampfer, Walter C. Willett, and Frank B. Hu, “Red Meat Consumption and

Mortality: Results from 2 Prospective Cohort Studies,”

" Archives of Internal Medicine 172 (7) (2012): 555563,

doi:10.1001/archinternmed.2011.2287 ; Adam M. Bernstein, Qi Sun, Frank B. Hu, Meir J. Stampfer, JoAnn E. Manson,
and Walter C. Willett, “Major Dietary Protein Sources and Risk of Coronary Heart Disease in Women,” Circulation
122 (9) (2010): 876 — 883 ; Adam M. Bernstein, An Pan, Kathryn M. Rexrode, Meir Stampfer, Frank B. Hu, Dariush
Mozaffarian, and Walter C. Willett, “Dietary Protein Sources and the Risk of Stroke in Men and Women,” Stroke :
A Journal of Cerebral Circulation 43 (3) (2012): 637 — 644, doi:10.1161/STROKEAHA.111.633404 ; and An Pan, Qi Sun,
Adam M. Bernstein, Matthias B. Schulze, JoAnn E. Manson, Walter C. Willett, and Frank B. Hu, “Red Meat Con-
sumption and Risk of Type 2 Diabetes : 3 Cohorts of U.S. Adults and an Updated Meta-Analysis,” The American Journal
of Clinical Nutrition 94 (4) (2011): 1088 — 1096, doi :10.3945/ajcn.111.018978.

in polyunsaturated and high in saturated
fat, and is consumed mostly in developing
countries. Studies in humans and animals
have demonstrated elevationsinblood LDL
cholesterol levels associated with palm oil,
and in a study in Costa Rica, palm oil con-
sumption was significantly associated with
myocardial infarction compared to other
oils.24 Soybean oil, on the other hand, is
rich in polyunsaturated fatty acids. The
monounsaturated fatty acids and antioxi-
dant effects of olive oil are very likely tobe
beneficial for CHD prevention. The PRED-
IMED trial found that compared with a
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low-fatdiet, adiet highin olive oil reduced
incidence of cardiovascular events®5 and
was associated with better long-term cog-
nitive performance.26

Because it raises triglycerides and re-
duces HDL cholesterol, especially in those
with insulin resistance, a high-carbohy-
drate diet can have adverse metabolic con-
sequences.?7 Insulin resistance is largely
caused by overweight, and overweight per-
sons are less able to tolerate a high-carbo-
hydrate diet compared to those who are
lean and active. Most Asian populations
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(2003):1146 — 1155. © 2003 by American Society for Nutrition.

have a higher prevalence of insulin resist-
ance compared with European popula-
tions, which is hypothesized to be due to
genetic determinants: the “thrifty gene”
maintains caloric reserves in times of food
scarcity.28 Until recently, these popula-
tions were generally highly active andlean
and thus protected from the adverse ef-
fects of this genetic predisposition. How-
ever, with more sedentary lifestyles and
alarming increases in overweight, these
populations are experiencing a massive di-
abetes epidemic.

Carbohydrates have traditionally been
categorized by their chemical structures as
either simple or complex. However, this
distinction has no basis in physiology.

Some forms of complex carbohydrates,
such as starch in potatoes, are very rapidly
metabolized to glucose. Instead, the gly-
cemicindex, which indicates the glycemic
response after carbohydrate intake, is a
better basis for carbohydrate characteri-
zation. Highly refined, as opposed to less-
refined, carbohydrates result in a greater
glycemic response and increased plasma
insulin levels, which compound other ad-
verse metabolic changes from carbohy-
drate consumption.

Instead of distinguishing between sim-
pleand complex carbohydrates, dietary rec-
ommendations should emphasize whole-
grain and other less-refined complex car-
bohydrates as opposed to the highly re-
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fined products and sugar that make up such
alarge portion of the U.S. diet. Globally,
cassava is grown for its resilience in semi-
arid conditions, but when refined into
flour, it has very low nutritional value and
a high glycemic load. Such products are
rapidly digested and absorbed, resultingin
rapid swings in insulin levels; they cause
turther harm by displacing foods that pro-
vide fiber and micronutrients that are lost
in the milling process. For example, white —
but not brown - rice is associated with a
higher risk of diabetes, and replacing the
same amount of white rice with brownrice
decreases the risk of diabetes. In general,
higherintakes of refined starches and sug-
ar, particularly with low-fiber intake, are
associated with increased risk of diabetes
and CHD.29 Higher intake of fiber from
grain products, in contrast, is consistently
associated with lower risks of CHD and di-
abetes.3° Importantly, unrefined foods can
also have high glycemic loads. Potatoes,
forexample, are associated with increased
risk of diabetes, especially among obese
and sedentary people with underlying in-
sulin resistance.

Sugar-sweetened beverages (SSBs) are
particularly problematic because of their
large sugarload and rapid absorption. Ob-
servational data and randomized trials have
demonstrated a significantassociation be-
tween SSB consumption and weight gain,
and when SSBs are reduced, weight loss
ensues.3! Global consumption of SSBs is
rising. In Mexico, SSBs supply roughly 10
percent of total calories. In Brazil and Chi-
na, per capita Coca-Cola consumption in-
creased by 269 percent between 2000 and
2010. SSB intake in the United States de-
clined between 2000 and 2008, but SSBs
remain the largest contributor to added
sugar in U.S. diets and a leading source of
calories.32 Denmark, Hungary, France, and
Mexico have imposed taxes on SSBs, and
though the long-term population health
effects remain to be seen, one study found

144 (4) Fall 2015

an inverse relationship with SSB taxation Jaquelyn L.

and obesity.

Substantial evidence indicates that fruit
and vegetable consumption is also impor-
tant for cardiovascular disease prevention.33
High intake of vegetables reduces blood
pressure; the active factors remain unclear,
but potassium is alikely contributor. High-
erfruitand vegetable consumption may al-
solower therisk of neural tube defects, the
most common severe birth defect, due to
higher folic acid intake.34 Carotenoids
lutein and zeaxanthin are found in green
leafy vegetables and have been inversely
related to the risk of cataracts and, possibly,
age-related macular degeneration.35 The
flavonoids found in berries and other fruits
may help prevent Parkinson disease and type
2 diabetes.3® The benefits of fruit do not
necessarily apply to juice because it con-
tainsless fiber and naturally has a high sug-
ar content. Large quantities of juice can be
consumed rapidly, which contributes to
weight gain and glucose intolerance.

In contrast to its benefits in preventing
other chronic diseases, overall fruit and
vegetable consumption has little effect on
cancer prevention after adjusting for dif-
ferences in other lifestyle factors such as
smoking and body mass index.37 Howev-
er, reductions in risk of renal cell and es-
trogen receptor-negative breast cancer have
been documented,38 and specific fruits or
vegetables may be beneficial against specific
cancers. For example, some evidence sug-
gests that lycopene, mainly from tomato
products, reducesrisk of advanced prostate
cancer.39

Fruits, vegetables, and other foods are
often processed or preserved for availabil-
ity year-round. Large amounts of salt are
used in processed foods, and commercially
prepared foods contribute 75 percent of the
sodium in the U.S. diet. Excess consump-
tion of salt (sodium chloride) isirrefutably
linked to high blood pressure. An estimat-
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ed 22 percentreduction in stroke incidence
and 16 percent reduction in CHD, in addi-
tion to the prevention of fifty thousand to
ninety thousand cardiovascular deaths per
yearin the United States, would result from
reducing sodium intake by three grams per
day.4° Many studies have shown an asso-
ciation between the consumption of salty
and pickled foods and stomach cancer.
Frozen fruits and vegetables are of equal
nutritional value to those that are fresh,
and usually avoid the added salt of canned
goods.

Any potential benefit of vitamin or min-
eral supplements depends on the individ-
ual’s baseline levels. A full discussion of
therole of vitamin supplements is beyond
the scope of this essay, but briefly, some
supplementation can counteract micro-
nutrient deficiencies. In particular, alarge
fraction of the U.S. population and the vast
majority of African Americans have insuf-
ficient vitamin D, which is a risk factor for
a wide array of diseases. A daily supple-
ment of one thousand to two thousand 1U
(International Units) will bring most peo-
pletoan adequatelevel, although those with
darker skin and little sun exposure likely
need more. Globally, insufficientironisalso
common in premenopausal women. Mul-
tivitamins can ensure adequate levels of a
variety of micronutrients, but few trials of
multivitamins on long-term health have
been completed. The Physician’s Health
Study II trial showed an 8 percent reduc-
tion in total cancer incidence in a large
eleven-year trial among physicians.4! One
may speculate that less-well-nourished
persons could accrue greater benefits.

Whole-diet intervention studies have
validated the components of a healthy diet.
Thelandmark 4.8-year PREDIMED random-
ized trial in Spain demonstrated that the
Mediterranean diet, supplemented with
additional olive oil or nuts, substantially
reduced major cardiovascular events, as
compared with conventional low-fat die-

tary advice.4? The Mediterranean diet in-
cludesolive oil, nuts, fruits, vegetables, mod-
erate fish and poultry, legumes, and mod-
erate alcohol consumption, and discour-
ages SSBs, spreadable fats, dairy products,
red and processed meats, and sweets. Our
group developed the Alternative Healthy
Eating Index (AHEI) based on foods and
nutrients predictive of chronic disease risk,
andin observational studies this pattern is
associated with lower risk of cardiovascu-
lar disease, diabetes, and cancer.43

Obesity is a global challenge: it is a ma-
jor cause of diabetes, cardiovascular dis-
ease, and some forms of cancer. In the Unit-
ed States, long-term weight gain is most
strongly driven by consumption, often in
large amounts, of foods and beverages of
low nutritional quality, such as potatoesand
potato chips, refined grains, SSBs, and pro-
cessed and unprocessed meats, along with
increased sedentary behaviors such as
watching television and sitting at a com-
puter, and declining physical activity. Obe-
sity has a considerable environmental toll
aswell. Obese adults require more energy to
maintain their biomass. The global addi-
tional caloric need due to overweight is the
equivalent of feeding about 120 million
adults. If the global population had the same
age/sex BMI (body massindex) distribution
as the United States, this number would
rise to nearly half abillion. Obesity also in-
creases material and transportation costs.44

Genetic modification (GM) of fruits, veg-
etables, and other foodsisincreasing. Sup-
porters of GM foodslaud their potential to
increase food production, while others are
concerned that GM foods threaten biodi-
versity and disrupt ecosystems. GM crops
havebeen developed for insect and drought
resistance, herbicide tolerance, and taste.
Genetic modification can make plants pro-
duce beneficial nutrients and oils, as with
beta-carotene rice and unsaturated fatty
acidsin GM soybean oil. Corn, cotton, and
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foods. But rather than a simplistic dichot- Jaquelyn L.
omy of organic/not, a more nuanced ap- Jahn,
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control strategies to increase production Willett

soybeans make up the majority of GM crops.
The USDA has reported that GM crops,
with lower insecticide use, generally have
higheryields due to fewer pests. Yet there is
concerning evidence demonstrating the

evolution of insect resistance to GM corn.45
Some argue that use of GM crops removes
incentives for hybridization solutions to
improve the nutritional profile of foods or
to mitigate blight and drought. Thereisno
credible evidence toindicate any direct ad-
verse health effects from consuming GM
foods.

The resurgence of local food consump-
tion has supported community economic
developmentandhelped avoid theincreased
carbon emissions associated with distant
food transport. However, “food miles” is
animperfect metric for evaluating the car-
bon footprint of food transport, since the
efficiency of large-scale shipping can at
times offset the environmental gains of in-
creased regional trucking. Emissions also
vary by food type, with red meat having the
worst impact. One study found that re-
placing one day per week’s calories from
red meatand dairy products with chicken,
fish, eggs, or vegetables achieves more
greenhouse gas reduction than buying all
locally sourced food.46

In terms of environmental and public
health impact, organic products may be
less harmful because organic farms do not
use synthetic pesticides or antibiotics.
Though recent studies and EPA announce-
ments have concluded that pesticide resi-
duelevelsin conventionally produced foods
are safe for consumption, the long-term
health effects of many pesticides remain
understudied or unknown. Even at low
doses, pesticide exposure hasbeenlinked to
the development of Parkinson’s disease, 47
impaired child neurological development, 48
and other diseases. Growing antibioticre-
sistance from livestock meat and dairy pro-
duction at conventional farms is another
reason some consumers prefer organic

144 (4) Fall 2015

of healthful foods while minimizing ad-
verse impacts on health and the environ-
ment. In terms of nutrient content, organ-
ic foods do not appear to be better than
conventionally grown foods.49

Fortunately, the diets that promote hu-
man health and environmental sustain-
ability broadly intersect. Most important,
high consumption of red meat has many ad-
verse health effects, while livestock-pasture
expansion drives climate change through
therelease of carbon and methane into the
atmosphere, depletion of water resources,
and destruction of biodiversity. Further,
most grain — produced with massive envi-
ronmental impacts —is not used for hu-
man consumption: 34 percent of all grain
globally is used as animal feed, while 30
percent of the grain produced in the United
Statesisused for ethanol biofuels (Figure3).
Fish consumption may be an exception to
the convergence of health and environment-
al considerations: fish hasimportant ben-
efits forhuman health, but overfishing has
damaged many marine ecosystems. Thus,
development and enforcement of sustain-
able production practices is required.
Nutritional evidence encourages major
reductions in red meat and dairy intake,
which would reduce the water contamina-
tion, biodiversityloss, and soil and air pol-
lution from animal feeding operations. Live-
stock production uses 70 percent of the
world’s agricultural land and continues to
expand through deforestation. The cur-
rent global land-use distribution (Figure 4)
favors cereals, largely used as animal feed.
Multiple analyses project dramatic envi-
ronmental benefits if U.S. farmland were
diversified with healthy fruits and vegeta-
bles instead of the current corn- and soy-
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Figure3
Domestic Uses of Grain in the United States, China, Italy, and the World (Total)
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Grains represented in data include wheat, rice, barley, maize, rye, oats, millet, sorghum, and other cereals. Data on
maize used for ethanol were only available for the United States. China uses 19 percent of the total grain used in the
world; the United States uses 15 percent ; Italy uses 1 percent. Source : Food and Agriculture Organization of the
United Nations, Statistics Division, FAOSTAT, “Food Balance : Food Balance Sheets,” http ://faostat3.fao.org/home/E.

Figure 4
Global Land Use in 2012 for Cereals, Oil Crops, Vegetables and Roots, Pulses, Fruits,
Plant-Based Fibers, Sugar Crops, and Nuts
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bean-dominated landscape. A recent re-
portfrom the Union of Concerned Scientists
concluded that diets high in plants and low
in meat and dairy, as described in the Har-
vard Healthy Eating Plate, have a smaller

genated oils, a shift from saturated to un- Jaquelyn L.
saturated fats, low consumption of dairy Jahn,

. Meir].
products, and avoidance of red meat and  g;4,,1,¢;
added sugar. Nuts, legumes, fish, and some & waiter C.
poultry should be emphasized as protein Willett

environmental footprint than the USDA’s
MyPlate, which recommends red meat
and high dairy intake.5°

Current evidence for healthy eating sup-
portselimination of trans fats from hydro-

sources, grains should be in whole rather
than refined form, and a variety of fruits
and vegetables should be consumed daily.
This healthy dietary pattern is consonant
with sustainable agriculture and environ-
mental preservation.
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Closing Yield Gaps:
Consequences for the Global Food Supply,
Environmental Quality & Food Security

Nathaniel D. Mueller & Seth Binder

Abstract : Thesocial, economic, and environmental costs of feeding a burgeoning and increasingly affluent
human population will depend, in part, on how we increase crop production on under-yielding agricultural
landscapes, and by how much. Such areas have a “yield gap” between the crop yields they achieve and the
crop yields that could be achieved under more intensive management. Crop yield gaps have received in-
creased attention inrecent years due to concerns over land scarcity, stagnating crop yield trends in some im-
portant agricultural areas, and large projected increases in food demand. Recent analyses of global data sets
and results from field trials have improved our understanding of where yield gaps exist and their potential
contribution to increasing the food supply. Achieving yield gap closure is a complex task : while agronomic
approaches to closingyield gaps are generally well-known, a variely of social, political, and economic fac-
tors allow them to persist. The degree to which closingyield gaps will lead to greater food security and envi-
ronmental benefits remains unclear, and will be strongly influenced by the particular strategies adopted.

The grand challenge of feeding a growing global
population will require a diversity of solutions if we
are to simultaneously protect natural resources and
enhance food security. One frequently cited strategy
is toincrease food production on existing agricultu-
rallands: the continued “intensification” of agricul-
ture.! Increasing productivity has the potential to aug-
ment food supply while sparing natural ecosystems
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croplands have experienced growth in crop yields (pro-
duction perunitarea), beginning, perhaps mostdra-
matically, with the advent of green revolution tech-
nologies during the mid-twentieth century. However,
notall regions have uniformly achieved gains; in many
areas, ayield gap persists between the crop yields that
are achieved and the crop yields that are achievable
using the right cultivars, inputs, and other manage-
ment practices.

Because yield gaps are the end result of myriad in-
teracting biological, physical, and economic forces,
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Closing the conceptual simplicity of the yield gap
Yield s deceptive. Plant breeders develop new

® cropvarieties, seeking both to increase po-
tential yields and remain one step ahead of
continuously evolving pests and diseases.
Farmers operate within geographic and
financial constraints, seeking to make the
best decisions possible — not always max-
imization of yield - in the context of local
policies, markets, and infrastructure.

Efforts to closeyield gaps — or simply un-
derstand their existence — must engage with
these complexities. In this essay, we attempt
todoso. Tobegin, we discuss the increased
scientific attention on yield gaps in recent
years, and why closing yield gaps through
agricultural development may be critical
for the future of the global food supply. We
continue by describing recent efforts to
quantifyyield gaps: their magnitudes, spa-
tial distribution, and potential contribu-
tions toward meeting future food demand.
We then explore from agronomic and so-
cioeconomic perspectives how yield gaps
may be “closed” and the potential conse-
quences of these changes for food security
and the global environment.

While yield gaps have been described
and documented by agricultural scientists
fordecades, scrutiny of the topicin the ag-
riculture-environment research commu-
nity has increased in recent years due to
concerns about land scarcity.3 Cropland
and pasture systems already have a massive
land footprint, replacing natural ecosys-
tems across nearly 40 percent of the earth’s
ice-free land.4 While land conversion for
agriculture has slowed, it remains a major
source of greenhouse gas emissions and a
critical threat to biodiversity.> Pressure for
continued conversion will only build if the
demands of agrowing and increasingly af-
fluent population outstrip the rate of im-
provement in crop yields.

Infact, steadily increasing crop yieldsin
many of our most important agricultural

regions can no longer be taken for granted.
Arecentanalysis of 2.5 million yield obser-
vations from national agricultural census
records documented widespread stagna-
tion of yield growth across24 — 39 percent
of global maize, wheat, rice, and soybean
areas.® Other studies using alternate ana-
lytical approaches and data sets have ar-
rived at similar conclusions, showing stag-
nantareas across wide swathes of both de-
veloping and developed countries.” Areas
of stagnant wheatandrice yield are of par-
ticular concern; unlike maize and soybean,
the vast majority of wheat and rice pro-
duction feeds people, not livestock.8 Hot-
spots of stagnation include France (79 per-
cent of harvested wheat area), China (79
percentofharvestedricearea), andIndia (70
percent of harvested rice area).?

Whileyield growth hasbegun to stagnate,
growth in food demand is expected to ac-
celerate. In the recent past, most food sup-
ply increases were met by greater produc-
tion on existing agricultural lands. Between
1985 and 2005, crop production increased
approximately 28 percent while the land
footprint of global croplands increased by
only 2.4 percent, due to cropyield increases
of nearly 20 percentand anincrease in har-
vest frequency (due to multi-cropping and
a decrease in fallowed area) of approxi-
mately 7 percent.1© However, with rising
incomes in developing nations and the in-
creased adoption of diets rich in animal
products, demand for food and feed from
global croplandsis expected to roughly dou-
ble between 2005 and 2050.11

The prospect of increasing global food
scarcity poses both a challenge and an op-
portunity forlow- and middle-income na-
tions, where the interest in closing yield
gaps has been motivated by the potential
for enhanced agricultural productivity to
alleviate poverty and spur economic devel-
opment. Growth in the agricultural sector,
itis widely believed, is an important cata-
lystforbroader economic growth in many
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developing countries, where agriculture
directly or indirectly supports the liveli-
hoods of more than two billion people. If
policyintervention can enable under-yield-
ing farmers to intensify production profit-
ably — withoutincurring substantial addi-
tional risk — then closing yield gaps could
go hand-in-hand with supporting the liveli-
hoods and ensuring the food security of
some of the world’s poorest populations.

Recent efforts have quantified and iden-
tified global patterns in yield gaps, creat-
ing the foundation upon which to explore
the possibilities and consequences of geo-
graphically targeted initiatives to enhance
yields. The ability to assess yield gaps at the
global scaleimproved dramatically in 2008,
with the release of a data set of crop-har-
vested area and yield information created
by sustainability scientist Chad Monfreda
and colleagues. This data set fuses remote
sensing and national agricultural census
reports published circa 2000.12 Much of
the census data collection was undertaken
through the Agro-MAPS project, a collab-
oration between the United Nations Food
and Agriculture Organization, the Inter-
national Food Policy Research Institute,
and the Center for Sustainability and the
Global Environment at the University of
Wisconsin. The Monfreda data set has in-
formed three analyses of global yield gaps,
which largely agree on the spatial distribu-
tion of yield gaps and the potential of clos-
ing yield gaps to increase the global food
supply.13

Globalyield gap studies use sampling or
statistical methods to provide alandscape-
scale estimate of best-in-class yields (also
known as “attainableyields”). As these stud-
ies use census data — which are aggregated
and averaged across space to some degree
— they do not predict the absolute biophys-
ical “potential yield” of a crop that is grown
without any management limitations.
Such values are more often derived from
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field trials and crop simulation computer
models.14 The global studies also calculate
potential yields using average climate and
averageyields;in contrast, local studies may
calculate the unique yield potentials for
growing conditionsin each year. Toincor-
porate chronic water limitation into yield
gap analyses, local and regional studies of-
ten calculate potential yields separately for
rainfed (often called “water-limited yield
potential”) and irrigated conditions. In the
case of the global study by Mueller and col-
leagues, crop-specific irrigation data and a
statistical approach were used to identify
maximum rainfed yields.15

The potential contributions of closing
yield gaps to the food supply are substan-
tial. With colleagues, we have previously
estimated that complete closure of yield
gaps (tobest-in-class yields within climate
zones) could increase production by 45—
70 percent for most of the seventeen crops
we examined.1® For maize, wheat, and rice,
the potential production changes were es-
timated at 64 percent, 71 percent, and 47
percent, respectively. A report by the Aus-
tralian Centre for International Agricul-
tural Research (ACIAR) has scaled up field-
level yield gap assessments, estimating po-
tential production changes of 98 percent,
so percent, and 71 percent for maize, wheat,
andrice, respectively.'” Differences between
the estimates areunsurprising, given the di-
vergent methodological approaches. How-
ever, both sets of results suggest that efforts
to close yield gaps are necessary — but in-
sufficient — to meet the expected doubling
of future food demand. Enhancing crop
yield potential through breeding, decreas-
ingfood waste, and shifting diets are other
importantleverage strategies that couldin-
crease total food availability and improve
sustainability of the food system.

Generally speaking, thelargestyield gaps
existin sub-Saharan Africa (SSA), Eastern
Europe and Russia, and South Asia. Maize
yield gaps in SSA are some of the world’s

Nathaniel
D. Mueller
& Seth
Binder

47



Closing
Yield
Gaps

48

largest:yields circa2000 were around one
and a half tons per hectare, while attainable
yields across maize-growing areas in SSA
were estimated to be around five tons per
hectare. These “top-down” estimates are
relatively consistent with the “bottom-
up” estimates of the ACIAR, which reports
farm yields of around one and a half tons
per hectare for both East and West Africa,
and potential yield estimates of seven and
five tons per hectare, respectively. Itisalso
expected that Eastern Europe and Russia
couldrealize large increases in wheat pro-
duction from closing yield gaps. Kathleen
Neumann, a scholar of human-environ-
mental interactions, and colleagues have
estimated wheat yield gaps of one to three
tons per hectare across most of theregion,
consistent with our estimates of attainable
yields around four and a half tons per
hectare and yields of two tons per hectare,
circa2000. In South Asia, extensive regions
of wheat and rice cultivation with moder-
ate yield gaps create large possibilities for
production increases. Moderate yield gaps
for maize in East Asia, along with large har-
vested areas, create a similar production op-
portunityin thatregion. While maize yields
in China are around five tons per hectare,
researchers estimate attainable yields tobe
between nine and ten and a half tons per
hectare. The spatial patterns of yield gaps
arevisualized for maize, wheat, andricein
Figure1.

Looking forward, opportunities are in-
creasing to enhance our understanding of
yield gaps at the global scale, in part due to
increasing dataavailability. One promising
development is the independent data col-
lection and processing effort by Interna-
tional Food Policy Research Institute sci-
entist Liangzhi You and colleagues, which
has produced new maps of crop-harvested
areaand yield.'8 As the data set utilizes an
independent collection of census statistics
and different assumptions to disaggregate
the census information down to individual

grid cells, new analyses with this data setare
helpingusunderstand the sensitivity of yield
gap calculations to different source data.9
Additionally, the data set produced by Uni-
versity of Minnesota Global Landscapes
Initiative senior scientist Deepak Ray and
colleagues to analyze cropyield trends pro-
vides enhanced temporal resolution, and
now contains approximately 2.5 million
observations, from 1961 — 2008, for maize,
wheat, rice, and soybean.2° Analyses with
this data set will allow us a greater under-
standing of how both yield potentials and
yield gaps have changed over time. Efforts
arealsounderway —under thebanner of the
Global Yield Gap Atlas project - to scaleup
yield gap estimates derived from process-
based crop models.?! These models simu-
late crop growth and development over the
course of a growing season. They are sen-
sitive to planting and harvest times, daily
weather variations, fine-scale soil con-
ditions, and characteristics of particular
crop varieties. While these models are often
successful at simulating yields at the field
or farm level, they are not as often applied
atlarger scales. The Global Yield Gap Atlas
project seeks tofill this gap, and eventually,
all of these new efforts willimprove ourun-
derstanding of yield gaps atbothlocal and
global scales.

Even asthescience paintsanincreasingly
detailed picture of the type, extent, and glob-
al distribution of yield gaps, understanding
why yield gaps exist (and persist) presents
a critical challenge to developing appro-
priate and effective solutions to the related
problems of food scarcity, food insecurity,
and environmental degradation. The de-
terminants of yield gaps are as much social
as they are environmental. Sociopolitical
and economic conditions, which influence
farmer decision-making, drive which man-
agement practices are adopted; in turn, a
variety of these management practices,
alongsidelocal environmental factors, in-
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Figure1
Estimated Yield Gaps circa 2000 for Maize, Wheat, and Rice
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Yield gaps for maize (A), wheat (B), and rice (C) presented as the percent of attainable yields achieved. Source:
Nathaniel D. Mueller, James S. Gerber, Matt Johnston, Deepak K. Ray, Navin Ramankutty, and Jonathan A. Foley,
“Closing Yield Gaps through Nutrient and Water Management,” Nature 490 (2012): 254 — 257.
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fluence the biophysical growing conditions
experienced by a particular crop during its
development.

Agricultural scientists have amassed a
sound understanding of the biophysical fac-
tors that canlimityields. Planting and har-
vest dates, crop variety, and planting den-
sity all influence the yield potential a crop
can achieve in a given environment.?2 As
the plant develops, deficiencies in growing
conditions may lead to a yield gap. Mois-
ture may either be limiting (causing water
stress) orin excess (leading to waterlogged
soils). Critical micronutrients or macro-
nutrients (nitrogen, phosphorus, and potas-
sium) can limit plant growth. Inadequate
soil conditions, such aslow organic matter
content or undesirable pH, may limit yields
(if notameliorated by the farmer). Weeds,
diseases, pests, and even atmospheric pol-
lutants (such as tropospheric ozone) can
alsolead toyieldlosses.?3

The relative contribution of these factors
toexistingyield gapsisanareaof activere-
search. Global studies using statistical mod-
els have, not surprisingly, confirmed the
importance of fertilizers and irrigation as
major controls on existing yield gaps.>4
Enhanced resolution at the regional scale
ismade possible by administering surveys
to agricultural experts in different crop-
ping systems, as shown in a 2010 study of
farming systems across SSA and Asia.>5 For
wheat in highland temperate systems of
SSA, theauthorsfind that major constraints
limitingriceyield include the unavailability
of quality seed, nitrogen fertilizer deficien-
cy,and wheat rusts (fungal pathogens). For
intensive rice and rice-wheat systems in
South Asia, experts identified weed com-
petition, nitrogen fertilizer deficiency, low
soilfertility, and droughtand intermittent
water stress as primary constraints.

Farmers utilize a diverse mix of conven-
tional and agroecological management
practices to address these constraints and
improve yields. The development and de-

ployment of high-yielding crop varieties
thatareresponsive toagronomicinputs has
been critical toincreasing potential yields.
In some cases (such as U.S. maize), new
cultivars are able to better withstand in-
creased planting density, which allows for
greateryield.2® Given sufficient investment
and ample water supplies, irrigation can be
used to overcome chronic water stress. Fur-
ther, installation of tile drainage systems
can alleviate excessive moisture. Soil fer-
tility constraints can be addressed through
the use of both organic and inorganic fer-
tilizers, appropriate crop rotations, mixed
crop-livestock systems, and multi-cropping
systems. In Brazil - and elsewhere in the
tropics — acidic soils and aluminum toxic-
ity are offset by additions of lime and phos-
phorus. Weeds, pests, and diseases can be
addressed through a variety of practices as
well. In the case of pests, biological control
and integrated pest management can pro-
videachemical-free — butknowledge-inten-
sive — alternative to pesticides. The eco-
nomic feasibility and environmental im-
pact of these various practices in different
socioecological contexts will ultimately de-
termine the contours of the policylandscape
inwhichsociety attempts to closeyield gaps.

Yield gapsare the cumulative result of de-
cision-making by individual farmers who
have weighed the perceived costs and ben-
efits of changing their current agricultural
practices and found the prospect either un-
attractive or unattainable. These decisions
largely reflect the reasoned calculus of risk-
averse, cash-constrained farmers who are
either unwilling or unable to experiment
with higher-yielding management tech-
niques. Notwithstanding some evidence
of irrational behavioral biases working
against the purchase of fertilizer, such de-
cisions are mostly consistent with econo-
mist T. W. Schultz’s notion of the “poorbut
efficient” farmer.27 Understanding the per-
sistence of yield gaps thus requires atten-
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tion to the incentives and constraints that
under-yielding farmers face.

Market, policy, and sociopolitical fail-
ures all contribute toyield gaps by creating
or exacerbating important differences in
the costs and benefits of intensification for
farmersin poorer countries relative to those
in richer countries. Markets typically fail
toprovide poor, rural farmers adequate ac-
cessto creditandinsurance. In the absence
of formal insurance, farmers may pursue a
number of alternative strategies that often
result in lower yields. These include: ap-
plyingless fertilizer; forgoing the benefits
of specialization and scale in order to re-
ducerisk, asby planting a greater diversity
of crops than would maximize yield alone;
and shiftinglabor tononfarm work in order
to diversify income sources. Incomplete
credit markets typically leave households
unable toborrow atreasonable rates — if at
all - inhibiting productive investments in
livestock, irrigation pumps or seasonal fer-
tilizer inputs that are critical for achieving
higher yields. When households can nei-
therinsure againstrisk norborrowin times
of need, they are often forced to sell off pro-
ductiveassets. This coping strategy canlead
to overinvestment in disposable assets,
such aslivestock, at the expense of higher-
yieldingalternatives, such as the purchase
of more fertilizer, and can resultin a cycle
of declining yields over time.28

Whereas the governments of wealthy
countries tend tolavish their relatively small
agricultural sectors with subsidies of all
kinds, poorer nations’ governments have
historically placed much of the tax and pol-
icyburden on their comparativelylarge and
importantagricultural sectors.?9 These per-
verse policies contribute to hyper-intensi-
fication in already high-yielding countries,
while blunting the incentives to enhance
productivity where yields arelowest. Such
policies are often manifestations of under-
lying weaknesses in institutional quality,
which giveriseto other problems, including
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poorly established or minimally enforced
property rights and an underprovision of
publicgoods and services, such asagricultur-
al research, extension programs, and trans-
portation infrastructure. Insecure property
rights make access to credit more difficult
and heighten therisks of eviction, making
investments in the land even less attrac-
tive.3° Poor transportation infrastructure
also inhibits the adoption of yield-improv-
ing technologies, particularly those requir-
inginputintensification. Long, hazardous
transportrouteslead to higher fuel expen-
ditures, and the loss of labor time and per-
ishablesin transitreduces the net prices that
farmers receive. Farmers who face high
costs of buying and selling in markets may
choose to diversity their crop mix to satis-
ty their own demand for a variety of goods
rather than investing in yield-increasing
technologies for a smaller subset of crops.3!

Were routine and pervasive market and
policy failures not sufficient obstacles to
yield improvement, farmers in many coun-
tries must also contend with episodes of
civil and ethnic violence, and chronic po-
litical instability. These factors can disrupt
supply chains, reduce demand, siphon hu-
man capital from the farm, deplete on-farm
capital (including the quantity and variety
of seed stocks), and generally heighten risks.
Thus, they reduce the quantities of inputs
and effort that farmers are willing and able
to apply to the land. They may dispropor-
tionately affect the areas where additional
inputs are needed most. The Rwandan civil
conflict of the early 1990s provides the ne
plus ultra example of such effects. Average
yields (measured in terms of the per hectare
caloric content of nutritional crops har-
vested)in the five-year period following the
conflict fell by more than 20 percent rela-
tive to the five-year period preceding the
conflict, with no evidence of a preexisting
trend of decline.

Together, all of these factors - political,
social, and economic - contribute to a pov-
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quence of under-yielding.

Breaking the cycle of poverty and low
yields has the potential to enhancelocal and
global food security and — ideally — reduce
the environmental impact of agriculture.
Food security is the state “when all people,
at all times, have physical, social and eco-
nomic access to sufficient, safe and nutri-
tiousfood that meets their dietary needsand
food preferences for an active and healthy
life.”32 Closing yield gaps is not sufficient
forensuring food security (norisit strictly
necessary), butit can substantially improve
acountry’s capacity to achieve this goal. If
yield gaps are closed through improve-
ments in technology or the elimination of
market, policy, and social failures — rather
than by anincreasein inputs alone — farm-
ers’ production and income can expand
even while greater supply drives down
prices forurban households. Theripple ef-
fects of growth in the agricultural sector
may augment urban food security not sim-
ply via the price mechanism, but by
strengthening the economy and indirectly
enhancing urban incomes.

Technological improvements may take
avariety of forms, and strategies based on
the adoption of high-yielding varieties and
input intensification will have much dif-
ferent social and environmental conse-
quences than strategies based on the adop-
tion of agroecological technologies. Each
strategy, initsideal implementation, holds
considerable promise for enhancing food
security. Input-intensive technologies have
the potential to vastly improve livelihoods
and food security where transport infra-
structure allows marketing of surplus pro-
duction beyond the vicinity of the local
community; credit and insurance markets
arerobustandaccessible; and high-yielding
varieties have been bred forlocal conditions.
Alternatively, there exists potential to great-
ly reduce downside risk, promote diversi-

ty and self-sufficiency in food production,
and even enhance expected yields and prof-
its through the increasing adoption of agro-
ecological principles. Adoption of these
practices depends upon strong social net-
works among farmers that allow the trans-
mission of best practices, andlinks between
farmers, scientists, and civil society orga-
nizations.33 These strategies need not be
mutually exclusive, and there is consider-
able promise in the merging of best prac-
tices from both approaches.

The extent to which these best practices
are adopted will likely determine the de-
gree to which closing yield gaps leads to net
benefits for local and global environmen-
tal quality. Concernis warranted, given that
intensive management practices have led
to soil degradation, widespread water pol-
lution and nitrous oxide emissions from
excess fertilizer application, use of toxic
chemicals for pest and weed control, and
overuse of water supplies.34 Despite his-
toric trends, promising evidence exists that
yield gaps canbe closed — and have closed,
to some degree —in ways that minimize
negative environmental consequences. Uni-
versity of Essex professor Jules Pretty and
colleagues have documented the effects of
286 interventions to increase productivity
in 57 developing countries.35> While envi-
ronmental outcomes were not explicitly
documented, the authors focus on inter-
ventions that emphasized “resource-con-
serving” management practices: a broad
description that includes integrated pest
management, integrated nutrient manage-
ment, conservation tillage, agroforestry,
aquaculture, water harvesting, and live-
stock integration. The aggregateresults are
striking: these generallylow-impact man-
agement changesled to an averageyield in-
crease of 8o percent for intervention par-
ticipants. The greatest gains were possible
for those farmers that started with the low-
estcurrent yields (achievingless than two
tons per hectare), emphasizing the large
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increases in food supply possible from fo-
cusing on the most under-yielding areas.

Another encouraging example comes
from agronomic trials aiming to improve
the production and environmental per-
formance of maize cultivation in China.36
The study focused on nutrient manage-
ment. This is a major problem in China,
which experiences widespread pollution
from agricultural fertilizers. In the trials,
computer modeling and soil testing guid-
ed split doses of nitrogen throughout the
growing season. Combined with balanced
doses of phosphorus and potash, optimal
planting dates, and appropriate planting
density, the experimental trials were able
to double maize yield while eliminating
mass balance excess nitrogen. (The same
amount of nitrogen was applied to the field
and removed in the grain.) This study em-
phasizes the importance of the cropping
system and the way inputs are utilized to
realize more productive and environmen-
tally friendly agricultural systems.

The availability and sustainability of wa-
ter resources is alsoamajor concern when
considering yield gap closure. While irri-
gation is obviously an effective approach
toameliorating water stress, irrigation in-
frastructure can be expensive. Building such
infrastructure requires either high energy
or labor inputs and access to sufficient
and - in the long run - sustainable water
supplies. Rainwater harvestingis an alter-
native to ground- or surface-water-based
irrigation schemes, and uses rainwater
capture combined with irrigation to allow
farmersto overcome intermittentdry spells.
Conservation farming techniques that re-
duce soil evaporation (including no-till,
mulching, intercropping, and windbreaks)
can also preserve soil water for use by
crops.37

Finally, we must also consider whether
closingyield gaps will truly be able to spare
land for nature, which is the major envi-
ronmental benefit presumed to occur from
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yield gap closure. The rationale seems sim-
ple: given the massive growth in projected
crop demand, achieving yield growth on
existing lands will avoid biodiversity loss
and carbon emissions from land clearing
otherwise necessary to meet demand. How-
ever, the extent of the land-sparing effect
is a topic of substantial debate.38 Central
to this debate is the degree to which yield-
enhancing technology makes conversion
of newlands to agriculture more profitable,
even as it increases supply from existing
land and leads to lower prices. The envi-
ronmental benefits of sparingland will de-
pend on where the “sparing™ occurs rela-
tive to the intensification, and to what ex-
tent various intensive agricultural practices
affectlocal biodiversity.

While full treatment of this complex is-
sue meritsits own article, historical trends
provide strong evidence for theimportance
of theland-sparing mechanism. Even with
constant patterns of per capitademand, an
alternate world with noyield improvements
after 1961 would have experienced a dou-
bling of the cropland footprint and an ad-
ditional two gigatonnes of carbon emis-
sionsperyear.39 Asfood demand continues
to increase, we expect yield improvements
and the closing of yield gaps to be neces-
sary but not sufficient to spareland for na-
ture. Enhanced governance and conserva-
tion efforts are also necessary.4°

Recent research has putyield gaps on the
map, both literally and figuratively. These
efforts can inform and catalyze furtherin-
quiry into the causes of yield gaps and ef-
fective strategies for their closure that im-
prove human well-being. More specific, we
suggest that well-being can be advanced
through food system changes that enhance
food security and improve environmental
quality. As the scientificliterature onyield
gaps continues to grow, research can con-
tribute to these objectives by developing
yield gap metrics that are increasingly nu-
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Land for Food & Land for Nature?

Andrew Balmford, Rhys Green & Ben Phalan

Abstract: Opinions on how to limit the immense impact of agriculture on wild species are divided. Some
thinkit best to retain as much wildlife as possible on farms, even at the cost of loweringyield (production per
unit area). Others advocate the opposite: increasing yield so as to limil the area needed for farming, and
then retaining larger areas under natural habitats. Still others support a mixture of the two extremes, or an
intermediate approach. Here we summarize a model designed to resolve this disagreement, and review the
empirical evidence available to date. We conclude that this evidence largely supports the second, so-called
land-sparing approach to reconciling agriculture and biodiversity conservation, but that important ques-
tions remain over the generality of these findings for different biota and for ecosystem services, how best to
increaseyields while limiting environmental externalities, and whether there are effective, socially just, and
practical mechanisms for coupling yield growth to habitat retention and restoration.
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Cultivating crops and keepinglivestock have radi-
cally transformed the scale and complexity of human
society, and have had greater impacts on the rest of
the planet than any other human activity.! Crop pro-
duction and permanent pasture now cover a com-
bined 38 percent of Earth’s ice-free land surface, in-
cluding around half of all former temperate decidu-
ous forests and savannas, and almost three-quarters
of theworld’s grasslands. Continued conversion for
farmingis theleading cause of tropical deforestation
by a considerable margin. Taken together, agricul-
ture and related land use are responsible for 17 - 31
percent of all anthropogenic greenhouse gas emis-
sions. On top of this, farming accounts for around 70
percent of human use of freshwater, and the manu-
facture of inorganic fertilizers is the main reason for
the doubling in nitrogen fixation and resulting rise
in eutrophication seen over the past century. Given
the magnitude of these environmental alterations it
is not surprising that agriculture threatens many
more species with extinction than any other sector.>

Serious as the situation already is, it seems in-
escapable that the footprint of farming will increase.
The expansion of the human population from about
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7.4 billion today to between 9 and 10 bil-
lion, coupled with rapidly rising per capita
demand for noncrop products (such as
biofuels and rubber) and for animal pro-
tein (especially in newly emerging econ-
omies) mean that total agricultural de-
mand islikely to double between 2000 and
2050.3 Demand-side interventions could
help curb this growth and, insofar as hun-
gerand undernourishment are more about
food distribution and pricing than overall
production, could do sowithout negatively
impacting food security.4 Much could be
done to reduce the 30 — 40 percent post-
harvest loss of potentially usable food in
both developing and developed countries.
Food consumption in general and that of
meat, dairy products, and eggs in particu-
lar could be reduced among well-off con-
sumers.> We strongly support such efforts.
Nevertheless, given very limited progress
on these fronts to date, we consider it like-
ly that demand for crops and livestock will
rise dramatically over the nexthalf century.

The question that therefore arises for
conservationists, and that occupies us for
therest of this essay, ishow the demand for
agricultural products can be met by the
planet’s limited supply of land at the least
cost to other species. One option, widely
advocated by conservationistsand reflected
in the European Union’s €5 billion per year
program of agri-environment payments to
farmers, is land sharing: producing both
food and wildlife in the same parts of the
landscape by maintaining or restoring the
conservation value of the farmed land it-
self, through providing nonfarmed habitat
elements (such as shade trees and ponds),
limiting the use of harmful chemicals, and
other interventions (see the left panels of
Figure 1).0 A very different approach, put
forward by agricultural scientists in re-
sponse to the observation that land-shar-
ing interventions typically lower yields and
thereforerequire alargerareatobe farmed
to achieve a given production target,” is

land sparing: increasing yields on farmed
land while at the same time sparing remain-
ing habitat or freeing up land for habitat
restoration elsewhere (right panels, Figure
1).8 Thus, whileland sharing focuses on en-
hancingbiodiversity within farmland, land
sparing seeks to offset the impacts of high-
yield production by coupling it to conser-
vation in nonproductive parts of the land-
scape. Many other options between these
extremes are also possible (central panels,
Figure1).9

In the following sections, we summarize
asimple trade-off model'© we devised for
identifying which of these approaches will
maximize the persistence of the native
wild species inhabiting a region ; we also
review the empirical evidence so far avail-
ableforassessing their relative merits. We
then discuss a series of objections to our
approach — some of which we consider to
be misconceptions about the model’s scope,
as well as some important challenges. We
end with a brief exploration of other con-
texts besides food production in which the
land-sharing/sparing framework might
usefully be applied.

Our trade-off model evaluates plausible
alternative farming systems — all of which
meet a region’s production targets — ac-
cording to their consequences for the long-
term persistence of its species.!! We infer
the probability of long-term persistence of
each species from its expected total popu-
lation sizein all of theregion’s farmed and
unfarmed land combined, relative towhat
its population would be in the absence of
farming. To make options comparable, we
only consider scenarios that meet the same
production target for the region (solutions
occupying the same row of Figure 1). This
could be achieved by farming the entire re-
gion at the lowest yield sufficient to meet
the target (extreme land sharing), farming
some of it at the highest achievable yield
and maintaining (or restoring) the rest as
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Figure1

Schematic Illustration of Land Sharing, Land Sparing, and Mixed-Yield Landscapes
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Each of the nine panels is a schematic map of a region with natural habitat (black : agricultural yield = o units), low-
yield farmland (dark grey: yield = 0.5 units), medium-yield (mid-grey : yield = 0.75 units), and high-yield farmland
(light grey : yield = 1.0 units). Region maps in the same row all produce the same quantity of agricultural products, but
with different amounts of high-, medium-, and low-yield farming and with natural habitat on all land not needed
to provide the production target. The three rows show results (from bottom to top) for low (120 units), medium (180),
and high (240) production targets. Source : Figure prepared by authors.

intact habitat (extreme land sparing), or
by some intermediate solution.

The key to quantifying how the total
population size of a species (and hence its
likelihood of persistence) varies across
these options is how its mean population
density is related to the agricultural yield
of a piece of land: a response we term its
density-yield curve. Some species can be
considered beneficiaries of agriculture
(“winners”) because they live at consis-
tently higher densities in farmedland than
in their natural, zero-yielding habitat (pan-
elsA, B,and Cin Figure2). Given that these
are likely to have larger regional popula-
tionsunder any form of farming than they
had before the arrival of agriculture, such
species are of limited conservation con-
cern. Other species (“losers”) occur at
lower densities in farmed land than in un-
farmed habitat (panels D, E, and F). Their
region-wide populations will thus be small-

144 (4) Fall 2015

er under some or all farming regimes than
in the absence of farming. Theseloser spe-
cies are the primary focus of our concern.

For both winners and losers, the ap-
proach to farming that maximizes their re-
gional population size depends on the
shape of their density-yield curves. Math-
ematical modeling shows that for those
with simple concave curves (panels A and
D) their total population size is greatest
when the entire region is farmed at the
lowest yield capable of meeting the pro-
duction target (extreme land sharing). This
is easiest to see for loser species (panel D),
because their densities decline only slight-
ly under low-yield farming but fall steeply
under the high-yields associated with land
sparing. The situation is very different for
species with simple convex curves (panels
C and F). For these, farming some land at
maximal yield and retaining or restoring
theremainder as natural habitat (extreme
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Illustrative density-yield curves for species whose total population sizes (on farmed and unfarmed land combined)
are larger (winners, top row) or smaller (losers, bottom row) when farming is present in a region, and greatest un-
der land sharing (A, D), intermediate-yield farming (B, E), or land sparing (C, F).

land sparing) is optimal. Again, consider-
ing loser species (panel F) helps explain
why: in this case, their population densi-
ties fall sharply even underlow-yield farm-
ing, whereas high-yield farming can help
safeguard more of the intact habitat on
which they (more orless) depend. Species
with more complex curves (such as those
shown in panels B and E) may have maxi-
mum population sizesunderintermediate-
yield strategies, though this will depend on
the production target for the region.1?
Parameterizing this model and hence
evaluating the consequences of alternative
farming approaches for a given set of spe-
cies in a region can be challenging.!3 It re-
quires estimating current andlikely future
production targets and developing plausi-
ble land-use scenarios of how these might
be met. Density-yield curves are needed
for all species of interest, which should be
as representative a sample of wild species
as possible. Fitting density-yield curves re-
quires data on the population density of
each species across sites of known yield,

ranging from natural, baseline habitats to
the highest-yielding system possible in the
region, and matched for all variables (such
as soil type, climate, and topography) be-
sides agricultural inputs that might affect
eitheryields or densities. Sites should be of
a size that is relevant to major land man-
agement decisions and to the life cycles of
the species concerned (seebelow), and they
must be within sufficiently large land-use
blocks that abundance estimates are not
swamped by edge or spillover effects from
neighboring blocks with very different
yields. Choice of baseline sites can be par-
ticularly problematic, especially in regions
that have lost their natural vegetation or
where major elements of the Pleistocene
biota are extinct. Baseline habitats suitable
for survey are unfarmed areas with native
vegetation typical of what could be re-
tained or restored within the region.

The results from the land-use scenarios
and density-yield curves are then combined
to calculate the expected total populations
of each species across farmed and non-
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tarmed land combined. This approach ig-
nores possible differences in demographic
processes among land-use types. Ideally,
these differences would be known so that
the expected whole-region population of
each species could be obtained from a spa-
tially explicit population model. However,
the data this would require are only avail-
able forahandful of species. Given that the
trade-off assessment is only meaningful
when done in the same way for an entire
suite of species, we argue our simpler den-
sity-based method is at present the only
practical approach.

Given these difficulties, few studies have
been able to test the land-sharing/sparing
trade-off appropriately. What do the re-
sults so far show us?

Published studies have parameterized
density-yield curves of large numbers of
species in only three regions: Southwest
Ghana (forbirds and trees), Northern India
(birds and trees), and Southern Uganda
(birds) (see Table 1).14 All show remark-
ably similar results across taxa and across
regions (Figure 3). In every case, there are
moreloser species than winners, and most
losers would have larger total population
sizesunderland sparing than underaland-
sharing (oranyintermediate-yielding) strat-
egy. These outcomes are more marked for
trees (not shown) than for birds, and for
species with small global ranges that are
more likely to be of conservation concern
(compare the left and right panels in Fig-
ure 3). The preponderance of losers and,
among those, of species that fare better
with land sparing than land sharing in-
creases as production targets rise (moving
from left to right within the panels in Fig-
ure 3). Importantly, however, most loser
species benefit from land sparing even if
production targets are below current lev-
els. Hence, even if — by tackling food waste,
population growth, and diet - demand were
somehow to fall, land sparing would still
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be the least bad option for most loser spe- Andrew

cies in the taxa studied. Addressing the
needs of loser species that are associated
with low-yield farming will require care-
ful attention in land-use planning,S but
for each of the groups examined so far, and
in each region, the conservation status of
most species would be better under high-
yield farming coupled with retention of re-
maining nonfarmed habitat.

Ahandful of other studies have addressed
the land-sharing/sparing question using
different analytical frameworks and abun-
dance-based measures of the persistence
of species (Table1).10 In the Colombian An-
des, simulations show that total popula-
tions of most bird and dung beetle species
wouldbelargerunderland sparing thanin
land-sharing landscapes that produce the
same quantity of agricultural goods. In the
United Kingdom, overall butterfly abun-
dance is expected to be greater for a com-
bination of conventionally farmed land
and grassland reserves than with organic
farming (unless the yield of organic farm-
ingisexceptionally high). Studies on birds
in Argentina, Sabah, and Thailand have
reached the same general conclusion: more
species would persist under land sparing
than land sharing.

Results from a roughly equal number of
analyses are interpreted as supporting ei-
ther intermediate strategies or land shar-
ing (Table 1).17 Mostly, these authors do
not perceive there to be a trade-off between
improving the wildlife value of farmed
habitats and maximizing retention of nat-
ural habitats; but none of these studies
compare sparing and sharing while keep-
ing overall land areas and production tar-
gets constant, so they do not have a strong
basis from which to conclude there is no
trade-off. Most important, none of these
studies calculate population-wide conse-
quences of differentland-use strategies for
individual species. Our view is that sum-
mary metrics such as species richness
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Table1
Examples of Studies Addressing the Question of How to Reconcile
Agricultural Production with Biodiversity Conservation

Calculate
Measure Total Primary
Agricultural | Include | Abundance | Population | Quantify Strategy
Location System Baseline | or Density | Effects Yields Taxa Supported
Uganda'® Multiple X X X X Birds | Sparing
crops
Ghana, Multiple X X X X Birds, | Sparing
India® crops trees
Thailand?° | Oil palm X X Birds Sparing
Sabah? Qil palm X X Birds Sparing
Colombia2? | Livestock X X (X) (X) Birds, | Sparing
dung (unless <soom
beetles | from contigu-
ous forest)
Argentina?3 | Arable, X (X) X Birds Sparing
livestock
Amazon24 | Mainly (X) (X) Birds Sparing
livestock
United Arable, X X (X) X Butter- | Sparing (but
Kingdom?s | livestock flies depends on
yield ratio
& nature of
spared land)
Costa Rica26| Coffee X (X) (X) Birds “Small-scale”
sparing
United Arable X (X) Plants | “Small-scale”
States?? sparing
United Arable X) X Eight | Depends on
Kingdom?3 plant & | taxon &
animal | yield contrast
taxa
Argentina?9 | Pasture X X X Birds | Intermediate
U.S. Great | Arable, some X X Birds Intermediate
Plains3° livestock
New South | Arable, X (X) Bats Intermediate
Wales, livestock
Australia3!
Western Arecanut X Birds Sharing
Ghats32
South- Livestock X X Plants | Sharing
eastern
Australias3
Sulawesi34 | Cocoa X Nine Sharing/
plant, | intermediate
fungus
& ani-
mal taxal
Mexico3s Coffee (X) X Birds No trade-off

Columns give assessments of whether the studies include an appropriate baseline, measure the abundance or density
of individual species, estimate the effect of alternative approaches on total population sizes (on farmland and natural
habitat combined), and quantify yields. We have included our interpretation of the primary strategy supported by the
authors of each study. Ticks in parentheses refer to studies that partly meet the criterion (for example, by measuring an
attribute but not including it in the main analysis). Source : Table built by authors from the sources cited.
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Figure3
The Breakdown of Bird Species According to the Farming Strategy that Maximizes
Their Total Population Size, in Relation to Production Target
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GJ ha~' = Gigajoules per hectare. Data are for Southwestern Ghana (top row), Northern India (middle), and Southern
Uganda (bottom), shown separately for species with global ranges above (left) and below (right) three million
square kilometers. Within each panel, winner species are plotted above losers and are split by whether their popu-
lations are greatest under land sparing (dark grey), intermediate-yield farming (light grey), or land sharing (white).
The vertical lines indicate estimated production targets for 2007 (solid) and 2050 (dashed). Source: Ben Phalan,
Malvika Onial, Andrew Balmford, and Rhys E. Green, “Reconciling Food Production and Biodiversity Conservation :
Land Sparing and Land Sharing Compared,” Science 333 (6047) (2011): 1289 —1291; and Mark F. Hulme, Juliet A.
Vickery, Rhys E. Green, Ben Phalan, Dan E. Chamberlain, Derek E. Pomeroy, Dianah Nalwanga, David Mushabe,
Raymond Katebaka, Simon Bolwig, and Philip W. Atkinson, “Conserving the Birds of Uganda’s Banana-Coffee Arc:
Land Sparing and Land Sharing Compared,” PLoS ONE 8 (2) (2013) : €54597.
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should not be used to draw conclusions
about the relative merits of sharing and
sparing for biodiversity.36 A site’s species
richnessincludes species travelingbetween
orrelianton otherland-use types, and is af-
fected by time-lags between habitat loss
and relaxation to extinction.37 Simplerich-
ness scores also do not include informa-
tion aboutspecies’ identities. Whenan area
of natural habitat is converted to agricul-
ture, species richness may be maintained,
but perhaps only through the replacement
of narrowly distributed, disturbance-sen-
sitive species by widespread generalists.
We found evidence of this in the Ghana
study, where the overall species richness of
birds in low- and intermediate-yielding
farm mosaics was similar to that in base-
line sites, even though the abundance of
most narrowly distributed and forest spe-
cies was far lower in farmland.38 All of
these effects mean richness measures are
likely to give an inflated view of the rela-
tive conservation value of farmland.

Our assessment of theliteratureis there-
fore thatall studies that have assessed both
yields and their population-wide conse-
quences for individual species across sites
ranging from zero-yieldingbaselines right
through to high-yield farming have con-
cluded thatland sparing would enable more
species to persist than would land sharing.
This conclusion makes intuitive sense. As
biologists know, most species are special-
ists. It is therefore unsurprising that very
many of them are highly sensitive to sub-
stantial habitat modification (as happens
under conversion even to low-yield farm-
ing). That said, the studies that have used
whatwe consider appropriate methods are
fewand have covered alimited range of re-
gions, biomes, and taxonomic groups. More
data are clearly needed for groups other
than birds, for predominantly open bi-
omes,39 and in areas whose biota have po-
tentially been purged of many sensitive spe-

cies by repeated exposure to natural dis-
turbance events such as glaciation. To ad-
dress this, our group is currently involved
in projects to evaluate land-sparing and
land-sharing outcomes for a range of taxa
in Kazakhstan, the Pampas, Poland, and
Yucatan.

Alongside these gaps in knowledge about
the sensitivity of populations to changesin
theyield of theland theyareliving on, sev-
eral other issues about the merits and de-
merits of theland-sharing/sparing frame-
work have been raised.4° Here we exam-
ine nine issues, starting with what we
believe to be five misconceptions.

1. Land sparing only needs to be considered if
agricultural demand grows dramatically in the
future, and this can be avoided. Analyses to
date suggest therelative advantage towild
species of land sparing compared with
land sharing increases as production tar-
getsrise (Figure3). However, these analyses
alsoindicate that sparing would be prefer-
able in terms of maximizing species per-
sistence even if demand were to shrink sub-
stantially below present-day levels. Which-
ever strategy is pursued, the overallimpact
of farming on wild species will beless neg-
ative the more that demand for agricultural
products can be curbed - through cutting
waste, limiting consumption of animal
protein, and lowering demand for biofuels.

2. Itisunclear at what spatial grain size sharing
becomes sparing. Individual farms and fields
inland-sharinglandscapes will often com-
prise a mix of crop and noncrop elements
(such as trees and ponds). Some authors
have argued that because these might re-
semble at avery fine scale the region-wide
mosaics of farmland and natural habitat
blocks envisioned underland sparing, land
sharing is therefore a special case of spar-
ing.41 We contend this is not helpful, be-
cause overall approaches to agriculture
should be evaluated at the scale at which
major land-use decisions are made, which
we suggest is typically that of landholdings
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through toregions, rather than individual
hedgerows and trees. At this scale — that of
entire panels in Figure 1 — the structure of
sharing and sparing landscapes and their
ability to support the species evaluated so
far (such asbirds) arevery different. Large
blocks of forest or wetland in land-sparing
landscapes may support viable populations
of sensitive species while a similar total
area of trees or wetland comprising small
woodlots or ponds does not.4* A related
point is whether there is an upper limit to
the grain size at which land sparing might
be beneficial. Here we agree with others
that sparing at very large scales — say, entire
states or countries — would not be appro-
priate.43 Assigning extremely large areas
entirely to agriculture and others entirely
to habitat protection would compromise
livelihoods and food security, risk the ex-
tinction of many narrowly distributed spe-
cialists whose ranges fell entirely within
farmland, and be exceptionally difficult to
implement.

3. Intermediate-yielding approaches might be
optimal but are not considered by the trade-off
model. Our model considers species with
density-yield curves of any shape, including
those where densities peak atintermediate
yields (see panels B and E in Figure 2).
Some - but not all44 - of this last group of
species would have their largest popula-
tion sizes when yields are below maximum
but above the minimum needed to meet
production targets. However, studies to
dateindicate such species arerelatively in-
frequent, especially among losers. More
commonly found are species with highest
population densities at yields that are lower
than the minimum required to meet pro-
duction targets. Where sparing of natural
habitats would be insufficient to conserve
such species, sparing of very low-yielding
farmland (permitted by increasing yields
elsewhere) might be needed.

4. Land sparing reduces landscape hetero-
geneity.45 Farmland thatislow-yielding be-

144 (4) Fall 2015

cause of the inclusion of many noncrop Andrew

elements is likely to be more heteroge-
neous than high-yielding farmland and may
therefore contain more species. However,
the extra species will often be quite wide-
spread generalists. More significant, when
viewed atalarger scale, land-sharingland-
scapes have smaller blocks of nonfarmed
habitat than equally productive land-spar-
ing landscapes (compare panels within
rows in Figure 3). Because many natural
habitats are highly heterogeneous within
themselves, they provide many niches not
found at all within farmed land, and thus,
land-sparinglandscapes can generally sup-
port many more specialists than is possi-
ble underland sharing.

5. Land sparing is especially vulnerable to the
effects of increasing demand. Rising demand
for agricultural goods is bad for biodiver-
sity regardless of which approach to farm-
ing is adopted: it will increase pressure
both to expand farmland at the expense of
natural habitat and to raise yields within
existing farmland. Butitisnotevident that
land sparingis morelikely to stimulate de-
mand growth than island sharing. On the
onehand, if high-yield farming techniques
lower prices of agricultural commodities
for which demand is elastic, then demand
islikely toincrease, and if high yields boost
agricultural wages, they may increase ru-
ral demand in particular.4® On the other
hand, these effects are less likely for staple
goods (for which demand is relatively
price-inelastic). Perhaps most important,
land sparing is not just about yield growth
but about setting land aside for conserva-
tion (see below). Such restrictions on agri-
cultural expansion will tend to raise prices
and hencelimit demand growth underland
sparing. Whatever the balance of these ef-
fects, itis clear thatincreasing demand will
compromise biodiversity under any strat-
egy, reinforcing the point that restricting
demand growth — by tackling waste reduc-
tion and excessive consumption — must re-
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main a high priority for conservation, and
a necessary condition for the long-term
success of either sparing or sharing.

m consider the previous points to have
arisen from misunderstandings about the
idea of land sparing. However, there are
several other areas where additional work
isrequired.

6. Identifying mechanisms for linking the
sparingof natural habitats to high-yield farming.
Land sparing comprises two interdepen-
dent elements: raising yields on agricul-
tural land and at the same time either de-
creasing conversion of natural lands to ag-
riculture or freeing up former farmland for
habitat restoration. Ensuringyield growth
and habitat conservation are coupled is es-
sential forland sparing to succeed. Insofar
as demand is fixed, increasing yields can
spare land directly, even in the absence of
additional interventions. Statistical analy-
ses and economic modeling of historical
changesinyields andland cover show that
such passiveland sparing does occur, some-
times to a greater degree than expected.47
This is morelikely when demand for prod-
ucts is inelastic, where yield growth is di-
rected away from conversion frontiers,
and where yield-improving practices use
uplaboror capital48 - suggestions that have
important implications for which crops,
areas, and technologiesland-sparing strat-
egies might most effectively target. How-
ever, we believe additional, explicit inter-
ventions are needed to tie within-farmyield
growth much more closely toland sparing
elsewhere. Possibilities include:

« Command-and-control measures, such
asland-use planning and regulation, that
simultaneously restrict the footprint of
farming and protect or restore natural
habitats ;49

« Use of public funds to provide financial
incentives tolandowners or cooperatives
to spare large blocks of theirland through

agricultural subsidies and taxes, Payment
for Ecosystem Service schemes, and oth-
er means;>°

. Strategic deployment — away from fron-
tiers of habitat conversion or in exchange
for conservation agreements — of invest-
ments capable of enhancing yields, such
as new or improved roads or irrigation,>!
agricultural extension officers, and mi-
cro-finance; and

« Market-based approaches such as certi-
fication or preferential access to markets
or credit for crops produced from land-
sparing landscapes.5?

Muchworkis now needed to develop, test,
andrefine these and otherideasin order to
assemble a toolbox of practical methods
forimplementingland sparing.

7. Increasing yields while lowering the exter-
nalities of farming. High-yield farming need
not consist of vast monocultures depen-
denton such high inputs of pesticides, fer-
tilizers, mechanization, and irrigation that
they jeopardize agriculture and biodiver-
sity both on farms and elsewhere. As con-
servationists interested inland sparing, we
back calls for sustainable intensification,
inwhich negativeimpacts of yieldincreases
are avoided or minimized.53 Of course,
finding ways of lowering negative envi-
ronmental impacts per unit of agricultural
production is also central to land sharing.
Many different but often complementary
approaches are possible.>4 A great variety
of new developments deploying both con-
ventional breeding and new genetic tech-
nologies (including genetic modification,
or GM) have enormous potential to raise
attainableyields through 1) improving the
ability of crops to acquire water and min-
erals and use them efficiently; 2) increas-
ing their tolerance to drought and to sali-
nization; and 3) enhancing their defenses
against pests and diseases. Radical inno-
vations — such as the prospect of transfer-
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ring C, metabolism into C, grasses, and of
perennializing currently annual crops -
offer the promise of substantially lowering
the inputs to agriculture. But alongside
these highly technical developments much
can be done - especially in sub-Saharan
Africa - to narrow existing yield gaps by
adopting practices that are already wide-
spread elsewhere, such as using improved
seed varieties and modest amounts of in-
organic fertilizer. Promoting agriculturally
important ecosystem services such as pol-
lination and pest control will also raise
overall yields, provided these services more
than offset the production lost on theland
needed for their maintenance. Integrated
pest management, organic methods, co-
culture, drip irrigation, and precision ap-
plication of fertilizers and pesticides can
allhelp tolowerinputs. In our view the key
to bringing about sustainable intensifica-
tionis toavoid dogmaand instead explore
the likely effects of all promising options
—onyield but, critically, also on net nega-
tive externalities per unit of production, on
pricesandlivelihoods, and in terms of like-
lihood of uptake by farmers.

8. Refining our understanding of how land-
use patterns affect long-term persistence of pop-
ulations. Our trade-off model is simple and
could be developed in several ways so that
it more fully captures the demographic
consequences of alternativeland-use config-
urations.>5 In particular, it could usefully
include edge effects: both of farmed envi-
ronments on adjacent natural habitat patch-
es and effects in the opposite direction.
Likewise it could incorporate the configu-
ration of habitat patches across the land-
scape and the permeability of farmland to
dispersing individuals, and hence address
issues of interpatch connectivity and meta-
population dynamics. Our group is attempt-
ing some of these refinements, but there
arenoa priorireasons to expect them to al-
ter our findings in a consistent direction.
For example, while edge effects will reduce
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thebiodiversity value of all natural habitat Andrew

patches, they will do so disproportionately
in small fragments with high-edge-to-area
ratios, increasing the relative advantage of
land-sparinglandscapes (with larger habi-
tat blocks) for retaining habitat-interior
specialists. Likewise, while high-yield prac-
tices may make farmland more hostile to
species associated with natural habitats,
thus lowering connectivity by reducing
their dispersal between habitat fragments,
this effect is likely to be offset by two oth-
ers. First, the distance between relatively
intact patches of habitat can be consider-
ably shorter under land sparing (compare
distances between dark blocks in different
panels of the same row in Figure 1), per-
haps making movements between patch-
eseasier. Second, because underland spar-
ing natural habitat patches are bigger and
thus less impacted by edge effects, they
may support higher densities with greater
reproductive rates and hence higher pro-
duction of dispersing individuals.

9. Incorporating other societal objectives into
the land-sharing/sparing debate. Our analysis
has focused on the trade-off between food
production and species persistence, but
conservation is also about safeguarding
the provision of ecosystem services.5® Much
research remains to be done on this topic.
In terms of climate regulation, retrospec-
tive global analyses suggest that yield growth
since the 1960s has avoided substantial
greenhouse gas emissions that would oth-
erwise have occurred, with the effects of
avoided land conversion more than out-
weighing those of increased emissions from
soil and from fertilizer manufacture. How-
ever, the magnitude of the savings depends
on how far historic yield growth lowered
prices and hence fueled rising demand.57
For cattle ranching, a regional modeling
exercise and alandscape-level study again
suggest that high-yield production and
land sparing may help reduce emissions
relative to lower-yield systems.58
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The consequences of alternative farm-
ing strategies for other ecosystem services
(and disservices) have been less well ex-
plored but may again be quite complex.
High-yield farming might reduce down-
stream water availability, but if it contrib-
utes to safeguarding wetlands and forests
it may help regulate water flows. Likewise
the practices needed to substantially in-
crease farm yields would probably dimin-
ish people’s enjoyment of farmland but
might offer greater prospects of experi-
encing large and diverse natural habitats.
In the context of the spread of zoonotic
diseases, the intensification of animal pro-
duction might increase transmission of
pathogens among livestock but reduce
transmission rates between livestock and
humans.>9 Of course, other considerations
are also crucial: the effects of different
farming systems on people’s livelihoods
and values, how well they fit local institu-
tions and cultural conditions, their conse-
quences for equity and gender issues, and,
above all, their impacts on food security.
Clearly, analysis of density-yield curves gives
no information on these other issues, but
understanding them will be important for
developing effective interventions that ad-
dress multiple societal objectives.%°

The land-sharing/sparing debate remains
controversial, with many importantissues
as of yet unresolved. However, we suggest
that it has provided a valuable framework
that forces us to be explicit about our ob-
jectivesin evaluating alternative approach-
es to food production. The recognition
that lowering the local environmental
costs of production might reduce yields —
withimportantknock-on effects elsewhere
since more area is therefore required to
meet demand - also has considerable rel-
evance in other contexts:

« In the case of forestry, it is possible that
the overall biodiversity value of produc-

tion landscapes is maximized by a sys-
tem of intensive logging linked to com-
plete protection of other areas that re-
tain species dependent on old-growth
forests, rather than by adopting lighter
harvesting regimes across the landscape
asawhole.61

« In the context of urban planning, in-
creasing attention is focusing on wheth-
er compact growth — decreasing the size
of gardens for instance, thus enabling
larger greenspaces to be retained — re-
duces theimpact of urbanization on bio-
diversity.62 A recent study from Brisbane
suggests generalist and nonnative
species fare better under urban sprawl,
whereas specialists are more likely to
persist if growth occurs via urban in-
tensification.63

« We suspect similar trade-offs might exist
at sea.®4 For example, which would bet-
ter promote biodiversity: a seascape that
is fished entirely using relatively benign
techniques, or one yielding the same
catch, sustainably, but through large ar-
eas open to less-regulated fishing plus
large, strictly enforced no-take zones?
This might be an interesting line of in-
quiry in charting a sustainable future for
capture fisheries.

For agriculture and conservation, our as-
sessment is that the empirical evidence to
date largely points to land sparing as hav-
ing the greatest potential to limit the eco-
logical cost of food production. Separating
land for food and land for nature (while
recognizing theirinteractions) may be bet-
ter than managing land for both. But this
is far from certain, and important gaps in
knowledge remain: for many taxonomic
groups and regions, for many ecosystem
services, and in terms of how best to in-
crease yields while minimizing negative
externalities. Crucially, high-yield farming
atpresentlargely only provides the oppor-
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tunity to spare land for wild species; it does
notensure that sparing occurs. Hence, ama-
jor challenge is how to make yield growth
conditional on habitat conservation.

Our suggestion that high-yield farming
couldbelinked toland sparing to enhance
the conservation of biodiversity and per-
haps some ecosystem services is some-
what counterintuitive, and is clearly an un-
comfortable proposition for many. None-
theless, we believe that the evidence to

ENDNOTES

date suggests there would be considerable Andrew

benefits from conservationists working
with agricultural technologists, policy-
makers, development experts, and the food
sector to identify ways of linking yield
growth to habitat retention and restora-
tion. We believe an equivalent approach
may yield similarly unexpected but poten-
tially useful insights in other contexts in
which biodiversity and human interests
compete for space.
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A Sustainable Agriculture?

G. Philip Robertson

Abstract : The defining challenge of sustainable agriculture is the production of food and other agricultural
products at an environmental cost that does not jeopardize the food security and general welfare of future gen-
erations. Feeding another three billion people in the face of climate change, biodiversity loss, and an environ-
ment already saturated with excess nitrogen and other reactive pollutants requires new approaches and new
tools in the design and deployment of workable solutions. Solutions will be local but all will require an eco-
logical systems approach that considers sustainable farming practices in the full context of ecosystems and
landscapes. And their deployment will require an understanding of the social systems capable of building
incentives that produce socially desired outcomes. Socioecological models for agriculture provide an oppor-
tunity to explore feedbacks, trade-offs, and synergies that can optimize and strengthen emerging connections
between farming and society. With theright incentives, innovative research, and political will, a sustainable
agriculture is within our reach.

For the past twenty-five years, agricultural stake-
holders ranging from “Big Ag” to public nonprofits
have asserted the need for a more sustainable agri-
culture. Over the same period, agricultural production
hasintensified. In the developed world, we now pro-
duce more food, fiber, and fuel than ever before, on a
land base that is either largely stable or shrinking.
There are myriad problems associated with agriculture
asitis currently practiced. Calls for a reformed, sus-
tainable approach are welcome and have accelerated.

What, exactly, is sustainable agriculture ? Defini-
tions of agricultural sustainability abound, ranging
from the encyclopaedic to the legislative.! Strictly

G. PHILIP ROBERTSON is Univer-
sity Distinguished Professor and
Professor of Ecosystem Science at

Michigan State University’s W.K. defined, sustainable agricultural systems are those
Kellogg Biological Stationand De-  capable of persevering.> Few would argue, however,
partment of Plant, Soil and Micro- that this definition is sufficient.

bial Sciences. He has authored over Amore useful definition of sustainable agriculture
150 scientific articles and edited identifies human intent, most succinctly embodied in

several books, the most recent of . .
which s The Ecology of Agricultural thelegal construct of usufruct, which, back in Thomas

Landscapes: Long-Term Research on Jefferson’s time, referred to “theright to make all the
the Pathto Sustainability (editedwith ~ useand profitofa thing that can be made without in-
Stephen K. Hamilton and Julie E. juring the substance of the thing itself.”3 Jetferson
Doll, 2015). used the conceptin his1789 letter toJames Madison:
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The question Whether one generation of
men has aright tobind another...isa ques-
tion of such consequences as not only to
merit decision, but place also, among the
fundamental principles of every government
...Iset out on this ground, which I suppose
to be self-evident, “that the earth belongs in
usufruct to the living.”4

Jefferson used usufruct tolay out the con-
stitutional foundation for intergenera-
tional equity. More than two centurieslater,
this notion was broadly adopted by the sus-
tainable development community, which
has commonly defined sustainability as
development that “meets the needs of the
present without compromising the ability
of future generations to meet their own
needs.”>

When applied to agriculture, sustain-
ability quickly becomes constrained by
scale. The romantic vision of farming has
centered around a self-contained subsis-
tence or village-based farm, persisting suc-
cessfully for centuriesif not millennia. This
makes sense for medieval England and was
the historical norm in most places around
the world only a century or two ago. But
theideal quickly dissolves when a growing
population largely not based on farms re-
quiresintensified production on an arable
landbase that has little room to grow. For
example, U.S. producers today farm five
million fewer acres than they did one hun-
dredyearsago, while feeding the 98 percent
of the population that does not farm. On top
of this, they produce excess for export. From
1910 to 2013, the U.S. population increased
by 224 million people, while cropland de-
creased from 3.6 acres per capitato1.1acres
per capita.In1910, it took approximately 4
acres to feed each person in the United
States, whereas today it takes approximate-
ly1acre (with far fewer working farmers).6

This general pattern has repeated across
the globe. Global agriculture, which is ar-
guably the world’s largest industry, feeds
seven billion people and contributes im-
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measurably to human welfare. Even where G. Philip
agricultural territory is expanding, as with Robertson

soybean farming in the Amazon, intensi-
ficationistherule: producingmoreyield on
fewer acres.

Butwith intensification comesresource
use, depletion, and degradation. The envi-
ronmental ills associated with modern ag-
riculture are legion and distressingly re-
calcitrant.” They include theloss of topsoil
andbiodiversity; escape of nutrients from
fertilized fields and animal production fa-
cilities to groundwater, lakes, streams, and
coastal waterways ; the exacerbation of acid
rainand climate warming by gases produced
by microbes in farmed soils and domestic
animals; and the poisoning, by pesticides,
of organisms other than pests.

These disconcerting facts beg the ques-
tion: can intensive agriculture be sustainable?
Moreover, can we feed three or even four
billion more people, providing the meat-rich
dietsincreasingly demanded by a wealthier
world, without further jeopardizing the
quality of life for future generations ?

Today, general consensus and a growing
body of scientific evidence identifies which
economic, social, and environmental com-
ponents are central to the concept of sus-
tainability. The componentsinterlock, and
their interdependence is often illustrated
by a three-part Venn diagram with over-
lapping circles representing each of the eco-
nomic, social, and environmental dimen-
sions of sustainability. There is less agree-
ment, however, about the degree to which
these elements should or must overlap to
provide sustainability writ large — a ques-
tion thatis more likely to be contextual.
Economic sustainability canbe most sim-
ply defined as the capacity for a system to
continuously provide goods and services
whose values exceed the cost of produc-
tion. For monetized goods, services, and
costs, the calculation is straightforward
and forms the basis for agricultural trade.
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However, the calculusbecomes tricky when
trying tovalue inputs and products that are
either taken for granted, such as soil biodi-
versity, or externalized, such as nitrate pol-
lution. For agriculture, this is a huge prob-
lem, and has created an intensive area of
economic inquiry.8

Social sustainability embraces the capa-
city of a system to continue to meet soci-
ety’s expectations for social justice and se-
curity, including intergenerational equity.
Food security, or the promise of a stable,
adequate, and accessible food supply is a
principal requirement of a just society, fol-
lowed by community health, rural vitality,
and gender equity. These issues, among a
host of other social factors, contribute to
human welfare by either promoting op-
portunity or alleviating misery.

Advances in sustainability science, in-
cluding the recent development of coupled
natural-human systems models, provide a
new context for integrating knowledge
aboutsystems interactions.® These models
provide the opportunity to organize and
examine outcomes as a function of both
ecological and social dynamics within a
sustainability context. The dynamics are
linked: the natural systems provide eco-
system services, also known as nature’s
benefits for people, to the social systems.
Ecosystem services can be separated into
four classes identified by the Millennium
Ecosystem Assessment: provisioning, such
asfood, fiber, and drinking water; regulating,
suchasflood and disease control; supporting,
such as soil formation and nutrient cycling;
and cultural, such as aesthetic and recre-
ational amenities.1©

How services affect people influences how
ecosystems, which provide those services,
are managed. Biologist Scott Collins and
colleagues, for example, present a social-
ecological model!! that has been adapted
toagriculture.'> The adapted model (Figure
1) shows ecosystem services (at the bottom
of the diagram) as outcomes of cropping

system interactions between biotic struc-
ture (the organisms that inhabit agricul-
tural ecosystems) and ecosystem function
(their activities). For example, plants, in-
sects, and microbes interact to capture car-
bon dioxide, produce biomass, and mobi-
lize nutrients. These interactions resultin
outcomes thatbenefit people by providing
services such as food, climate stabilization,
and soil fertility. How people perceive these
services and how they consequently mod-
ity behaviors and policies result in changes
to ecosystem inputs and management.
Some changes are direct and intentional
and happen at the field scale; others are in-
direct and unintentional and happen on
broader scales. Inputs and management af-
fect the cropping system’s delivery of eco-
system services, and the cycle continues.

Consider changes in crop varieties and
agrochemical use, which are intentional
management drivers that derive from the
social system, as an example. Farmers ac-
tively manage cropping systems to provide
the kinds of food that people will buy at a
sustainable price. Climate alteration and
exposure to invasive pests, on the other
hand, are unintentional drivers influenced
by the social system. Farmers adjust reac-
tively to these changes, designing adaptive
management strategies toretain yields and
profits. The iterative nature of the system
provides the capacity to examine and test
linkages between the social and biophysical
(cropping system)domains — of crucial im-
portance for addressing questions about
sustainability, which ultimately are socio-
ecological in nature.

Agriculture provides important ecosys-
tem services, with the provision of food,
tuel, and fiber the most appreciated. Less
recognized, however, are agriculture’s con-
tributions to biogeochemical services, such
as stabilizing climate and providing clean
water, and to biodiversity services, such as
pollination or suppression of pest and dis-
ease. Agriculture can also provide disser-
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Figure1
A Socioecological Model for Agriculture

2 M r ™ B
Social Inputs/Management Cropping
System > . System
Intentional 4
- e.g., Crop selection, —
Human Behavior Tillage, Chemicals, Biotic Structure
e.g., Market regulations Cover crops e.g., Crops, Weeds,
and incentives, Insects, Microbes
'nnoﬁnon Unintentional y'y
e.g., Diseases and pests,
Extreme weather
h 4 N / h 4
Human Outcomes Ecosystem Function
e.g., Economic vitality, e.g., Crop productivity,
Environmental quality Greenhouse gas exchange
N J Ecosystem Services - J

Provisioning (e.g., Food, fiber, fuel)
Regulating (e.g., Climate stabilization)
Supporting (e.g., Soil fertility)

Source: G. Philip Robertson and Stephen K. Hamilton, “Long-Term Ecological Research at the Kellogg Biological
Station LTER Site : Conceptual and Experimental Framework” in The Ecology of Agricultural Landscapes : Long-Term Re-
search on the Path to Sustainability, ed. Stephen K. Hamilton, Julie E. Doll, and G. Philip Robertson (New York : Oxford

University Press, 2015), 1 - 32.

vices to ecosystems: creating nitrate pol-
lution rather than clean water, or causing
soil erosion rather than soil conservation.13
Attimes, it can be useful to view an ecosys-
tem service as the reduction of a disserv-
ice, as, for example, when comparinganew
practice to business as usual.14

Another important consideration is
scale: agricultural sustainability is entirely
scale-dependent.!> For example, an agri-
cultural orland management practice that
is sustainable within an individual field
may lack sustainability at the larger farm
scale, especially if the inputs required to
maintain stable production eventually ex-
ceed the capacity of the farm to provide
them. Likewise, farm-scale sustainability
is nested within the capacity of local and
regional systems to both sustain resources
and mitigate harm. Even though thelong-
term supply of fertilizer might be stable,
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for example, and the economic cost of fer-
tilizer to the farmer is easily repaid via in-
creased grain production, the system be-
comeslesssustainable at the regional scale:
through a process known as eutrophication,
reactive nitrogen and phosphorus that es-
cape from the farm pollute groundwater
drinking supplies and damage freshwater
lakes and coastal waters through harmful
algalbloomsandattendant “dead zones.10

Ultimately, sustainability must be judged
at the global scale, a precept driven home
by the recent debates over the climate cost of
indirect land use associated with biofuels
expansion. Convertingland from food pro-
duction into fuel production in one loca-
tion (for example, the U.S. Midwest) logi-
callyresultsin newland conversion forfood
production elsewhere (for example, Ama-
zonia). This conversion process releases
greenhouse gases and substantially re-
duces the global climate benefit of biofu-
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els.17 In another example, national envi-
ronmental policies that depress food pro-
ductionin oneregion of the globe maylead
to expansion or chemical intensification of
food production elsewhere. In some cases,
this outcome will lead to no net environ-
mental benefitatthe global scale, but rather
to a geographic shift in agriculture’s envi-
ronmental burden ; at worst, it can lead to
the perverse outcome of a global environ-
ment that is worse off. To recognize these
geographic tradeoffs requires scaling the
consequences of local practices to the globe.

The concept and vision of sustainable
agriculture arose in the United Statesin the
1980s, rooted in the moral and political val-
ues of John Locke’s writings in the 1600s
and Thomas Jefferson’s in the 1700s and,
more recently, in the sense of place intro-
duced by the poetry and writings of Wen-
dell Berry and WesJackson.!8 Conservation
and the preservation of natural resources
— concepts largely derived from the writ-
ings of Aldo Leopold, Louis Bromfield, and
Edward Faulkner —are also integral to the
vision.!9 Robert Rodale extended this no-
tion toregenerative agriculture, which not
only conserves but builds the productive
potential of the natural resource base.>©
The management of soil organic matter
looms large in these works, and is embod-
iedin the “humus farming” school as prac-
ticed in England and Europe, and popular-
ized as organic agriculture in the United
States by Jerome Rodale in 1945.21 The in-
terconnectedness of soil, plant, animal,
and human health provided a philosophi-
calfoundation for organic farming. Today,
organic agriculture continues to focus on
cultivating the “living soil”: optimizing
the use of biological processes, especially
soil-based, while avoiding synthetic chem-
icals and fertilizer use. The notion of sus-
tainable intensification incorporates the
goal of optimizing biological processes to
reduce reliance on synthetic chemicals,

but does not necessarily advocate their eli-
mination.??

In the United States, the 1980s farm crisis
added urgency to the social dimensions of
agriculture. Declining farm incomes, the
deterioration of rural communities, and
the steady disappearance of midsized farms
forced sustainable agriculture to broaden
itsvision. Itbegan toincorporate rural com-
munity health and the well-being of farm
families. Globalization — with its empha-
sison cost efficiencies and emerging com-
petitors in geographically distant places —
has added new pressures.

One outcome of intensification is the
newly vertical orientation of animal agri-
culture. This integration marks some major
changes. First, thelabor force nolongerre-
sembles family farms of the past. Second,
in many parts of the world, there is a mas-
sive, ongoing replacement of integrated
farm-livestock operations by large animal-
feeding operations. Third, animals are be-
coming more and more geographically dis-
tant from both their main source of food
and from sites where their manure could
be efficiently used as fertilizer.

Today, theboundaries of sustainable ag-
riculture extend well beyond the farm.
Those structuring and designing food sys-
tems now consider interdependencies
among farm community developments.
Farm size, community interaction, and the
globalization of trade and capital markets
all interact to effect both social and eco-
nomic well-being in major ways. A recent
call tobroaden the definition of sustainable
intensification to explicitly include issues
of social justice, in particular the equitable
distribution of food, and decision process-
es that include individual empowerment,
reflects this growth.?3

The current vision for sustainable agri-
culture thus draws on arich philosophical
base, informed by a growing body of sys-
tems-level research that has made sub-
stantial progress toward identifying key
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processes and actors. Ultimately, of course,
the vision and its enactment reflect socie-
tal values; sustainability is, after all, a so-
cial construct. Science identifies the com-
ponent parts and players and outlines how
they interact in different contexts to pro-
duce different outcomes. Society priori-
tizes those outcomes and decides which
policies and behaviors will be most effec-
tive in achieving them.

Because the marketplace does not value
many of the services and products of agri-
culture that are critical to environmental
and human welfare, and because the politi-
cal process either cannot or willnot do the
same, there is a high level of disarray with
respect to operationalizing the concept of
sustainable agriculture.>4 We can concep-
tualize sustainable agriculture narrowly as
the production of food and other agricul-
tural products in a manner that protects
the ability of future generations to do so,
and more broadly as production that en-
hances human and environmental welfare.
However, because much of today’s debate
about agricultural sustainability reflects
differencesinvalues that have notyetbeen
sorted out, there is less agreement about
what practices constitute sustainable agri-
culture. The current debate over genetically
modified organisms reflects precisely this
conflict. Dowe value profitability over en-
vironmental risk? Intellectual property
rights over equitable access to technology ?
Convention over novelty? Here, science
provides some useful guidance but few ab-
solute answers.

So whatagricultural practices are sustain-
able? As noted earlier, sustainability de-
mands that practices be economically vi-
able, environmentally safe, and socially ac-
ceptable. Research over the past few decades
has taught us that there is no single pre-
scription. There are as many permutations
of sustainable practices as there are com-
binations of cropping systems, local envi-
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ronments, and social contexts. Neverthe- G. Philip
less, locally sustainable systems shareatleast Robertson

two attributes: they are resource conser-
vative and they rely more on internal eco-
system services than on external inputs.>5

Resource conservation means that agro-
nomic management conserves, if not en-
hances, the resources that promote produc-
tion. Soil, water, and biodiversity resources
come first tomind. As foundational build-
ing blocks, they provide the basis for sus-
tained crop and animal productivity. The
basic principle of humus farmingstill holds:
the soil sustains. Avoid erosion and build
soil organic matter, and good will follow.
Soil organic matter typically declines 40 —
60 percent upon conversion of natural
lands to cropland or pasture. But this or-
ganic matterisvital, providing habitatand
energy for beneficial soil microorganisms,
a soil structure that is favorable for root
growthand waterretention, and achemical
composition that delivers nutrients to mi-
crobes and plants when they need it.

We are onlybeginning to understand the
importance of biodiversity in agriculture,
which historically has opted toreduce plant
diversity and largely ignore insect and soil
microbial diversity. We now know that plant
diversity can improve crop performance:
bothrotational diversity thatincreases the
number of crop species within a multiyear
rotation, and landscape diversity that in-
creases the number of plant species, both
crop and native, in the larger landscape.
Rotational benefits are related to nutrient
availability, soil organic matter accumula-
tion, and pathogen suppression. Landscape
benefits are related to insect pest suppres-
sion and pollination: landscape diversity
provides habitats for natural enemies of
crop pests as well as for pollinators, espe-
cially during times of the year when crops
are not present or not flowering. Soil mi-
crobial diversity, on the other hand, is still
largely a black box waiting to be explored.
With new genomic tools we are beginning
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to know which species are present in soil.
Many arebeneficial ; by and large, however,
we do notunderstand their functional sig-
nificance. Thelittle we know suggests that
these species have functions that promote
growth and plant nutrient acquisition, sup-
press pathogens, and consume greenhouse
gases. As we continue to probe soil mi-
crosites and the plant microbiome, these
resources are likely to become ever more
valued.

Thereliance on processesinternal to the
farm, rather than external inputs, means soil
and biodiversity resources are managed in
a way that maximizes their delivery of
ecosystem services. The ready availability
of synthetic chemicals has displaced many
of the services that could otherwise be de-
livered or might have, in the past, been
provided by the original, unconverted eco-
system. Nitrogen fertilizer, for example,
has largely removed the need for biologi-
cal nitrogen fixation by legume crops in
modern cropping systems. Yet we know
that legumes — plants that obtain their ni-
trogen from the air via symbiosis with soil
bacteria — can provide ample nitrogen to
subsequent crops, especially if grown as cov-
er crops first. In one long-term cropping
system experiment in Michigan, legumes
provided two-thirds of the nitrogen need-
ed by corn and wheat in the rotation.26

Likewise, in natural ecosystems, insect
herbivory is suppressed by structural and
trophic complexity that provides habitat
and food for insects and birds that also prey
on pests. In most intensively farmed sys-
tems, pestsare controlled with insecticides;
insome cases, aswith transgenic “Bt” corn
and other crops, the insecticide is pro-
duced by the plant itself. Building greater
plant diversity into a cropping system —
whether within fields, at field edges, or in
thelandscape - could allow the ecosystem
to provide more pest protection, which is
now provided by external inputs. At the
moment, many of these services are being

provided unknowingly. For example, en-
tomologist Douglas Landis and colleagues
estimated thatlady bird beetles, who have
avoracious appetite for aphids, saved soy-
bean farmers in four Midwest states (Iowa,
Michigan, Minnesota, and Wisconsin) $239
millionininsecticide costsfor2o0o8 alone.27
And their later work showed that simpli-
fied landscapes with greater quantities of
corn crops for increased production of corn
ethanol significantly suppress this valuable
service.28

Full knowledge of the benefits provided
by reintroduced or enhanced ecosystem
services means evaluating potential trade-
offs as well. For example, no-till soil man-
agement (planting a crop without plow-
ing) can help to build soil organic matter
by slowing decomposition and thusisare-
source-conserving sustainable cropping
practice. Plowing, however, is used to con-
trol early season weeds; so in the absence
of plowing, weeds must be controlled with
additional herbicides. Likewise, recycling
animal manure back onto fields can save
the greenhouse gas cost of manufactured
tertilizer and help to build soil organic mat-
ter. However, manure can become a source
of pollution rather than a valuable service
if applied to fallow fields without crops to
capture the manure’s nitrogen and phos-
phorus.

With sufficient knowledge, such tradeoffs
canbe minimized and practices with mul-
tiple cobenefits can be encouraged. For ex-
ample, winter cover crops, which are grown
on winter-fallowed fields and killed prior
to establishment of the main crop in the
spring, can build soil organic matter, sup-
press weeds without additional herbicides,
and reduce off-season nitrate leaching,
phosphorus runoff, and soil erosion. Eval-
uating each cropping practice as part of a
whole system can provide a more complete
picture of direct benefits, indirect synergies,
and trade-offs.
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Wth anumber of sustainable practices
widely recognized, why are farmers not
adopting them ? Education, cultural norms,
and access to technology play a part, but
social science research tells us that the
main barrier to the adoption of sustainable
practices by farmers is economic cost. For
practices that can be adopted with clear
financial benefits and short payback peri-
ods, adoptionisrapid. Glyphosate-resistant
soybeans, for example, which permit the
substitution of aless toxic herbicide (glyph-
osate) for ones that are both longer lived
and more toxic and mobilein the environ-
ment, achieved over 9o percent adoption
ratesby U.S. farmers overadecade.?9 Con-
tinuous no-till soil management, on the oth-
er hand, has been feasible for more than
thirty years butis presently used on only 12
percent of U.S. corn acreage.3©
Agricultural and resource economist
Scott Swinton and colleagues asked Michi-
gan grain farmers why they aren’t adapting
sustainable practices like no-till.3! They
found that those practices known to pro-
vide environmental benefits were most
likely to be adopted without further in-
centives if they saved labor or inputs, or
improved farmstead health such as by rais-
ing drinking water quality without reduc-
ing expected crop revenue. Perhaps more
important, they also discovered that al-
mostall farmers and especially those man-
aging large farms were willing to accept
reasonable payments for adopting specific
practices. Their willingness to accept pay-
ments was revealed in experimental auc-
tions that asked how many of their acres
they would enroll in a particular set of
practices foragiven payment amount. Re-
sults revealed that less payment would be
required for practices they believed would
provide benefits close to home. For exam-
ple, adopting practices that build soil organ-
icmatterand reduce nitrateleachingwould
require lower payments than would prac-
tices that reduce greenhouse gas emis-
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sions, which they considered more of a
global problem.

Swinton and colleagues concluded that
the mostimportantdrivers of current prac-
tices are past practices, cultural norms,
available technology, and, most of all, poli-
cies and markets that support sustained
profitability. While most farmers value en-
vironmental stewardship, history teaches
us that sustained profitability is necessarily
anoverriding concern.3? Clearly, then, the
absence of economic incentives is one of
the main barriers to farmers’ adoption of
more sustainable practices. When it comes
to marketplace demands forlow-cost food
and society’s demand for a healthful envi-

ronment, most farmers are caught in the
middle.33

While itistrue that solutions to some of
the most recalcitrant environmental ills of
agriculture require not new knowledge but
the political will toincentivize change, itis
also true that solutions difficult to incen-
tivize are — in essence — solutions that do
not work.34 We need new approaches, in-
formed by innovative research. But what
are the biggest challenges facing the dis-
covery and deployment of effective solu-
tions?

The single biggest challenge to the de-
velopment of sustainable cropping systems
is integration: ensuring that the systems
we farm are sufficiently well understood to
allow us to know how changes in one part
will affect others, and ultimately deliver
the mix of ecosystem services deemed op-
timal for a particular context. At present
we largely lack this understanding, which
requires a systems approach to ecological
questions and a socioecological approach
to understand the factors that affect man-
agement decisions.35 Achieving this un-
derstanding will move us toward the adop-
tion of sustainable practices much more
quickly than the alternative piecemeal ap-
proach, which, in the past, has oftenled to
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unwelcome surprises and environmental
regret.

Other, less conceptual challenges loom
large, such as the need for further agricul-
tural intensification to feed billions more
people in the face of climate change, bio-
diversity loss, and an environment awash
in nitrogen and other reactive molecules.
United Nations population projections sug-
gest thatworld population growth will grow
to about 10 billion people by 2050, and by
another billion by 2100. This represents a
35 percent increase in the number of peo-
ple that must be fed over the next forty
years. This population jump will be coupled
with growing affluence that will allow peo-
ple in many regions to afford more meat
and dairy products in their diets, placing
unprecedented demands on our global food
systems. Conservative estimates suggesta
doubling of the food supply will be neces-
sary.30 Little new land is available for pro-
duction without sacrificing conservation
goals, which means most of this new pro-
duction should come from existing crop
and range lands.

Recent analyses by environmental sci-
entist and ecologist Jonathan Foley and
colleagues have identified the potential for
closing yield gaps, which can help with
much of this future production.3” Yield
gaps represent the difference between ac-
tual and attainableyieldsinagivenregion,
with attainable yields judged on the basis
offield trials thatuse the best available tech-
nology to provide nutrients and water to
crops. Foley and colleagues suggest that
most major cereal crops — those on which
the world now depends for 8o percent of
its caloric needs—can be increased by
45—70 percent if best management prac-
tices were uniformly applied to existing
crops.38 Forthe most part, thisinvolves ef-
fective use of irrigation where available
and adequate provision of nitrogen, phos-
phorus, and potassium fertilizers. They
suggest that the remaining gap between

current crop production and future food
needs could also be closed by reducing food
waste and by shifting the protein sources
of human diets from meat and dairy to
grain.

Arguably, climate change trumps all as
the biggest environmental threat with the
most unknown consequences for agricul-
tural sustainability. Because climate change
is long-term and hidden by year-to-year
variability, it can be difficult to document
and fully understand. Nevertheless, chang-
ing rainfall and temperature patterns are
already affecting farmer decisions and pat-
terns of productivity in the United States.
Changes in climate patterns observed in
the Midwest already include longer grow-
ing seasons, more frequent extreme weath-
er events (such as intense rainfalls), and
significantincreases in nighttime temper-
atures.39

On the one hand, longer growing seasons
will benefit crops with high or broad tem-
perature optima, including many vegeta-
bles. For grain crops, however, higher grow-
ing-season temperatures result in faster
growth, which accelerates grain filling: the
movement of sugars within the plant to
grain. Faster grain filling means less time
for photosynthesis during this period, lead-
ing toloweryields since less sugar is avail-
able for grain. Higher temperatures also re-
duce pollination success and accelerate
crop water use, while benefiting weeds and
pests, which flourish in warmer environ-
ments, then migrate. Higher temperatures
are expected to decrease yields of most
crops, and may have already depressed
corn and wheat yields globally.4°

Long-term changes in total precipitation
are more difficult to detect and predict, but
in the U.S. Midwest, rainfall has become
less frequent but more intense.4! As this
trend continues, there will be a greater risk
of summer drought and an increased risk
of intense precipitation and seasonal flood-
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ing. This can delay crop planting, increase
plant diseases, retard plant growth, and
cause flooding, runoff, and erosion — all of
which affect crop yields and exacerbate the
loss of nutrients and soil to the environ-
ment.

The onebit of good news hereis thatad-
ditional carbon dioxide in the atmosphere
can promote plant growth in some crops.
Though only for the next few decades, the
detrimental effects of high temperatures
onwheatand soybeans will likely be more
than offset by the positive effects of greater
carbon dioxide.4% However, this will not
be the case for other crops, like corn and
rice. Further, weeds will also benefit from
increasing carbon dioxide, often more than
crops. And nonlegume forage quality will
likely decline because plant nitrogen and
protein concentrations typically decline
with higher carbon dioxide concentrations.

The number of species and their biodi-
versity — the extent of genetic variability in
those species — can affect the productivity,
stability, and invasibility of ecosystems, as
well as their susceptibility to disease and
pests and their propensity tolose nutrient
pollutants.43 Plantbiodiversity is especially
important: as primary producers, plants
provide habitat and substrates of varying
compositions and complexities at differ-
ent times of the year, thereby providing a
foundational influence on the diversity and
composition of other taxa.

Humans have a huge impact on the bio-
diversity of most ecosystems, both inten-
tional and inadvertent. In cropping systems,
biodiversity is tightly constrained to those
species known to benefit growth andyields.
In natural systems, biodiversity is unin-
tentionally affected by human-influenced
changes in climate and precipitation chem-
istry aswell as by the introduction of exotic
andinvasive speciesand — potentially — new
genesintroduced by genetically engineered
organisms.
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Many of the effects of biodiversity loss
are poorly understood; indeed, for micro-
bial taxa, we barely know what is present.
Better known are the economic costs of in-
vasive species, estimated at more than $100
billion per year in the United States.44 In-
vasive weeds in rangelands and croplands
are obvious culprits. Less obvious are the
pathogens and pests enabled by invasive
plants and the beneficial organisms that
invasive species displace, ranging from
pollinators to biocontrol agents to sym-
bionts. We know little about the suscepti-
bility of different ecosystems — including
cropandrangeland - toinvasion, and there-
forelittle about the attributes of plant sys-
tems that make them more orlessinvasive
and the mechanisms that could be employed
to better protect and enhance the services
provided by biodiversity. Less still is known
about the effects of genetically engineered
organismsin the environment, in particu-
lar the controls on (and consequences for)
gene flow from crop towild populations.4>

A further biodiversity challenge is un-
derstanding how lost biodiversity can be
replaced or enhanced on crop and range-
lands of low fertility. Rebuilding plant com-
munities that can better provide provi-
sioning, biogeochemical, and biodiversity
services requires knowledge of key plant-
associated taxa: beneficial insectsand mem-
bers of the soil, rhizosphere, and endo-
phytic microbial communities, in particu-
lar. This will become especially important
as we consider the use and restoration of
marginal lands by biofuel crops.

Nitrogen fertilizerisbothaboonandbane
of modern agriculture. Over the past cen-
tury, global rates of nitrogen fertilizer con-
sumption haveincreased from o.2kilograms
of nitrogen per person in 1900 to approxi-
mately 14 kilograms per person in 2000.4¢
The annual production of nearly one hun-
dred teragrams of synthetic nitrogen fertil-
izer peryear for agriculture now represents
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over twice the amount of nitrogen fixed in
natural preindustrial ecosystems.47 The
benefits of this use are unquestionable,
and careful augmentation in some regions
will be important for closing yield gaps,
particularly in sub-Saharan Africa.48 There
are, however, big environmental costs to
this use: of the twelve teragrams of nitro-
gen applied to U.S. agriculture in fertilizer
each year, only about two teragrams are
consumed by people. The remainder is
added to the environment, where it im-
pacts ecosystems downwind and down-
stream.49

Ecosystem alterations include coastal
hypoxia caused by riverine nitrate export;
climate change caused, in part, by the pro-
duction of the greenhouse gas nitrous oxide,
which is about three hundred times more
effective than carbon dioxide at trapping
heat in the lower atmosphere and also de-
stroys protective ozone in the stratosphere;
nitrogen deposition caused by the volatil-
ization of ammonia gas and the microbial
production of the gas nitric oxide, which
contributes toacid rain and ozone produc-
tionin the lower atmosphere; and, finally,

ENDNOTES

groundwater nitrate pollution that hits
levels exceeding human health thresholds.

Other reactive chemicals applied to agri-
culture - phosphorus and pesticides, in
particular — also create harm when they es-
capefrom farm fields, though pesticide ef-
fects tend to be more localized due to less
environmental mobility. Nevertheless, nu-
trientand pesticide conservation in gener-
al provide a major challenge for sustain-
able agriculture.

The potential for agriculture tobe sustain-
able - to produce sufficient food and other
agricultural products for today in a manner
that promotes human and environmental
welfare and protects the ability of future
generations to do so - is strong. Meeting
the sustainability challenges of furtherin-
tensification, climate change, biodiversity
loss, and other environmental changes will
be difficult; but with the right incentives,
innovative research, and political will, it
can happen.

Is today’s agriculture sustainable ? Not
by along shot. Tomorrow’s could be, if we
care enough toact.

1

Gale Group, Berkshire Encyclopedia of Sustainability (Great Barrington, Mass. : Berkshire Pub-
lishing Group, 2010) ; and United States Congress, Food, Agriculture, Conservation, and Trade Act
of 1990 (FACTA), Public Law 101 - 624, 101st Cong., 1989 — 1990 (July 6, 1990).

G. Philip Robertson and Richard R. Harwood, “Sustainable Agriculture,” Encyclopedia of Bio-
diversity, 2nd ed., ed. Simon Levin (New York: Academic Press, 2013), 111 — 118.

Robert Chambers and Samuel Johnson, A Course of Lectures on the English Law : Delivered at the
University of Oxford1767 - 1773, ed. Thomas M. Curley (Madison : University of Wisconsin Press,
1986).

4 Thomas Jefferson, The Papers of Thomas Jefferson, ed. Julian P. Boyd, L. H. Butterfield, Charles T.

5

6

Cullen, John Catanzariti, and Barbara Oberg (Princeton, N.J.: Princeton University Press, 1950).

World Commission on Environment and Development, Our Common Future (Oxford : Oxford
University Press, 1987).

Economic Research Service, Major Land Uses, Table Three, “Cropland Used for Crops” (Wash-
ington, D.C.: 2015). United States Department of Agriculture, http://www.ers.usda.gov/data
-products/major-land-uses.aspx#25988.

David Tilman, Kenneth G. Cassman, Pamela A. Matson, et al., “Agricultural Sustainability and
Intensive Production Practices,” Nature 418 (6898) (2002): 671 — 677; G. Philip Robertson, Janet

Dcedalus, the Journal of the American Academy of Arts & Sciences



C.Broome, Elizabeth A. Chornesky, Jane R. Frankenberger, Paul Johnson, Mark Lipson, John G. Philip
A. Miranowski, Elizabeth D. Owens, David Pimentel, and Lori Ann Thrupp, “Rethinking the Robertson

Vision for Environmental Research in U.S. Agriculture,” BioScience 54 (1) (2004): 61— 65; and
Jeffrey Sachs, Roseline Remans, Sean Smukler, et al., “Monitoring the World’s Agriculture,”
Nature 466 (7306) (2010): 558 — 560.

Scott M. Swinton, Frank Lupe, G. Philip Robertson, and Stephen K. Hamilton, “Ecosystem
Services and Agriculture : Cultivating Agricultural Ecosystems for Diverse Benefits,” Ecological
Economics 64 (2) (2007): 245 - 252 ; and Alison G. Power, “Ecosystem Services and Agriculture:
Tradeoffs and Synergies,” Philosophical Transactions of the Royal Society B 365 (1554) (2010):
2959 — 2971.

9 Robert W. Kates, William C. Clark, Robert Corell, et al., “Sustainability Science,” Science 292 (5517)
(2001): 641 - 642; Billie L. Turner, Roger E. Kasperson, Pamela A. Matson, et al., “A Frame-
work for Vulnerability Analysis in Sustainability Science,” Proceedings of the National Academy
of Sciences (14) (2003): 8074 — 8079 ; and Jianguo Liu, Thomas Dietz, Stephen R. Carpenter, et
al., “Complexity of Coupled Human and Natural Systems,” Science 317 (5844) (2007) : 1513 — 1516.

10 Millennium Ecosystem Assessment, Ecosystems and Human Well-being : A Framework for Assess-
ment (Washington, D.C.: Island Press, 2003), 49 — 70.

11 Scott L. Collins, Steve R. Carpenter, Scott M. Swinton, et al., “An Integrated Conceptual Frame-
work for Social-Ecological Research,” Frontiers in Ecology and the Environment 9 (2011) : 351 — 357.

12 G. Philip Robertson and Stephen K. Hamilton, “Long-Term Ecological Research at the Kellogg
Biological Station LTER Site: Conceptual and Experimental Framework” in The Ecology of Agri-
cultural Landscapes : Long-Term Research on the Path to Sustainability, ed. Stephen K. Hamilton,
Julie E. Doll, and G. Philip Robertson (New York : Oxford University Press, 2015), 1 - 32.

13 Wei Zhang, Taylor H. Ricketts, Claire Kremen, Karen Carney, and Scott M. Swinton, “Ecosystem
Services and Dis-Services to Agriculture,” Ecological Economics 64 (2) (2007): 253 — 260.

14 G. Philip Robertson, Katherine L. Gross, Stephen K. Hamilton, Douglas A. Landis, Thomas M.
Schmidt, Sieglinde S. Snapp, and Scott M. Swinton, “Farming for Ecosystem Services: An Eco-
logical Approach to Production Agriculture,” BioScience 64 (5) (2014): 404 — 415.

15 Robertson and Harwood, “Sustainable Agriculture.”

16 For more on the effects of eutrophication, see Adena R. Rissman and Stephen R. Carpenter,
“Progress on NonPoint Pollution : Barriers and Opportunities,” and Christopher B. Field and
Anna M. Michalak, “Water, Climate, Energy, Food: Inseparable & Indispensable,” Deedalus
144 (3) (Spring 2015).

17 Timothy Searchinger, Ralph Heimlich, R. A. Houghton, Fengxia Dong, Amani Elobeid, Jacinto
Fabiosa, Simla Tokgoz, Dermot Hayes, and Tun-Hsiang Yu, “Use of U.S. Croplands for Biofu-
els Increases Greenhouse Gases through Emissions from Land-Use Change,” Science 319 (5867)
(2008):1238 —1240.

18 Robertson and Harwood, “Sustainable Agriculture” ; Wendell Berry, The Unsettling of America:
Culture & Agriculture (San Francisco : Sierra Club Books, 1977) ; and Wes Jackson, Becoming Native
to This Place (Lexington : University Press of Kentucky, 1994).

19 Aldo Leopold, A Sand County Almanac : And Sketches Here and There (New York : Oxford University
Press, 1949) ; Louis Bromfield, Malabar Farm (New York : Ballantine, 1947) ; and Edward H.
Faulkner, Plowman’s Folly and A Second Look (Washington D.C.: Island Press, 1943).

20Robert Rodale, “Breaking New Ground: The Search for Sustainable Agriculture,” The Futurist
17 (1) (1983): 15 - 20.
21 Jerome I. Rodale, Pay Dirt : Farming & Gardening with Composts (Emmaus, Pa. : Rodale Press, 1945).

22 Tara Garnett, M. C. Appleby, A. Balmford, et al., “Sustainable Intensification in Agriculture:
Premises and Policies,” Science 341 (6141) (2013): 33 - 34.

144 (4) Fall 2015

87



A Sus-
tainable
Agriculture?

88

23 Jacqueline Loos, David J. Abson, M. Jahi Chappell, Jan Hanspach, Friederike Mikulcak, Muriel
Tichit, and Joern Fischer, “Putting Meaning Back Into ‘Sustainable Intensification,”” Frontiers
in Ecology and the Environment 12 (6) (2014): 356 — 361.

24 Robertson and Harwood, “Sustainable Agriculture.”
25 Ibid.

26 Robertson et al., “Farming for Ecosystem Services: An Ecological Approach to Production
Agriculture.”

27 Douglas A. Landis, Mary M. Gardiner, Wopke van der Werf, and Scott M. Swinton, “Increasing
Corn for Biofuel Production Reduces Biocontrol Services in Agricultural Landscapes,” Pro-
ceedings of the National Academy of Sciences 105 (51) (2008): 20552 — 20557.

28 Timothy D. Meehan, Ben P. Werling, Douglas A. Landis, and Claudio Gratton, “Agricultural
Landscape Simplification and Insecticide Use in the Midwestern United States,” Proceedings of
the National Academy of Sciences 108 (28) (2011): 11500 — 11505.

29 Jorge Fernandez-Cornejo, Seth Wechsler, Mike Livingston, and Lorraine Mitchell, “Genetically
Engineered Crops in the United States,” Economic Research Report Number 162 (Washington,
D.C.: United States Department of Agriculture, Economic Research Service, 2014).

30 John Horowitz, Robert Ebel, and Kohei Ueda, “‘No-Till’ Farming Is a Growing Practice,” Eco-
nomic Information Bulletin Number 70 (Washington, D.C. : United States Department of Agri-
culture, Economic Research Service, 2010).

31 Scott M. Swinton, Natalie Rector, G. Philip Robertson, Christina B. Jolejole-Foreman, and Frank
Lupi, “Farmer Decisions about Adopting Environmentally Beneficial Practices,” in The Ecology of
Agricultural Landscapes, ed. Stephen K. Hamilton, Julie E. Doll, and G. Philip Robertson, 340 - 359.

32 Ibid.

33 Robertson et al., “Farming for Ecosystem Services : An Ecological Approach to Production
Agriculture.”

34 G. Philip Robertson and Scott M. Swinton, “Reconciling Agricultural Productivity and Environ-
mental Integrity : A Grand Challenge for Agriculture,” Frontiers in Ecology and the Environment
3(1) (2005):38 - 46.

35 Robertson etal., “Rethinking the Vision for Environmental Research in U.S. Agriculture”; and
Committee on Opportunities in Agriculture, National Research Council of the National Acad-
emies, Frontiers in Agricultural Research : Food, Health, Environment, and Communities (Washington,
D.C.:The National Academies Press, 2003).

36 David Tilman, Christian Balzer, Jason Hill, and Belinda L. Befort, “Global Food Demand and
the Sustainable Intensification of Agriculture,” Proceedings of the National Academy of Sciences
108 (50) (2011) : 20260 — 20264.

37 Ibid. ; and Jonathan A. Foley, Navin Ramankutty, Kate A. Brauman, et al., “Solutions for a Culti-
vated Planet,” Nature 478 (7369) (2011) : 337 — 342.

38 Nathaniel D. Mueller, James S. Gerber, Matt Johnston, Deepak K. Ray, Navin Ramankutty,
and Jonathan A. Foley, “Closing Yield Gaps through Nutrient and Water Management,” Nature

490 (7419) (2012): 254 — 257.

39 Sara C. Pryor, Donald Scavia, Charles Downer, Marc Gaden, Louis Iverson, Rolf Nordstrom,
Jonathan Patz, and G. Philip Robertson, “Chapter 18: Midwest,” in Climate Change Impacts in
the United States : The Third National Climate Assessment, ed. Jerry M. Melillo, Terese C. Richmond,
and Gary W. Yohe (Washington, D.C.: U.S. Global Change Research Program, 2014), 418 - 440.

407 L.Hatfield, K.J. Boote, B. A. Kimball, L. H. Ziska, R. C. Izaurralde, D. Ort, A. M. Thomson, and
D. Wolfe, “Climate Impacts on Agriculture : Implications for Crop Production,” Agronomy Journal
103 (2) (2011): 351 —370; and David B. Lobell, Wolfram Schlenker, and Justin Costa-Roberts,
“Climate Trends and Global Crop Production since 1980,” Science 333 (6042) (2011) : 616 — 620.

Dcedalus, the Journal of the American Academy of Arts & Sciences



41 Kenneth E. Kunkel, U.S. Climate Change Science Program and the Subcommittee on Global G. Philip
Change Research, “Observed Changes in Weather and Climate Extremes,” in Weather and Climate Robertson
Extremes in a Changing Climate — Regions of Focus : North America, Hawaii, Caribbean, and U.S. Pacific
Islands, ed. Thomas R. Karl, Gerald A. Meehl, Christopher D. Miller, Susan J. Hassol, Anne M.

Waple, and William L. Murray (Washington, D.C.: U.S. Climate Change Science Program, 2008),
37 — 80.

42 Hatfield et al., “Climate Impacts on Agriculture : Implications for Crop Production.”

43 David Tilman, Peter B. Reich, Johannes Knops, David Wedin, Troy Mielke, and Clarence
Lehman, “Diversity and Productivity in a Long-Term Grassland Experiment,” Science 294 (843)
(2001): 843 — 845.

44 David Pimentel, Lori Lach, Rodolfo Zuniga, and Doug Morrison, “Environmental and Eco-
nomic Costs of Nonindigenous Species in the United States,” BioScience 50 (1) (2000): 53 — 65.

45 National Research Council, Genetically Engineered Organisms, Wildlife, and Habitat : A Workshop
Summary, ed. P. T. Whitacre (Washington, D.C.: The National Academies Press, 2008).

46 Vaclav Smil, Enriching the Earth : Fritz Haber, Carl Bosch, and the Transformation of World Food
Production (Cambridge, Mass. : The MIT Press, 2001).

47 Peter M. Vitousek, Duncan N.L. Menge, Sasha C. Reed, and Cory C. Cleveland, “Biological Nitro-
gen Fixation : Rates, Patterns and Ecological Controls in Terrestrial Ecosystems,” Philosophical
Transactions of the Royal Society B 368 (1621) (2013).

48 peter M. Vitousek, Rosamond Naylor, Timothy Crews, et al., “ Nutrient Imbalances in Agri-
cultural Development,” Science 324 (5934) (2009) 1519 — 1520.

49 G. Philip Robertson and Peter M. Vitousek, “Nitrogen in Agriculture: Balancing the Cost of
an Essential Resource,” Annual Review of Environment and Resources 34 (2009): 97 — 125.

144 (4) Fall 2015 89



90

The Ethics of Food, Fuel & Feed

Brian G. Henning

Abstract: As the collective impact of human activity approaches Earth’s biophysical limits, the ethics of
food become increasingly important. Hundreds of millions of people remain undernourished, yet only
60 percent of the global harvest is consumed by humans, while 35 percent is fed to livestock and 5 percent
is used for biofuels and other industrial products. This essay considers the ethics of such use of edible
nutrition for feedstock and biofuel. How humanity uses Earth’s land is a reflection of its values. The cur-
rent land-use arrangements, which divert 40 percent of all food to feed animals or create fuels, suggest
that dietary and transportation preferences of wealthier individuals are considered more important than
feeding undernourished people, or the stability of the wider biotic community.
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As the collective impact of human activity ap-
proaches Earth’s biophysical limits, the ethics of food
become increasingly important. Human agriculture
has a tremendous impact on global ecosystems.
Worldwide agriculture has already “cleared or cov-
ered 70 percent of the grassland, 50 percent of the
savanna, 45 percent of the temperate deciduous for-
est, and 27 percent of the tropical forest biome.”?
Despite the scale of global agricultural production,
more than eight hundred and seventy million peo-
ple remain undernourished.* It is striking, then, that
only 60 percent of the global harvest is consumed
by humans, while another 35 percent is fed to live-
stock and the remaining 5 percent is used for biofuels
and other industrial products.3

This essay considers whether such use of edible
nutrition for feedstock and biofuel production is ethi-
callyjustified. The analysis will proceed in two parts:
the first part builds on earlier work that examines the
impact of using feedstock to create meat and other
animal-based food products; the second part con-
siders the ethics of biofuel production, which has
been left out of earlier analysis.4 I conclude that al-
though there are important and morally relevant dif-
ferences between various modes of agricultural pro-
duction, given the present and projected size of the
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human population, eating grain-fed ani-
mals and converting food to fuel are dif-
ficult to ethically justify.

How the human community chooses to
use theland available toitis areflection of
its values. The current land-use arrange-
ments, whichdivert4o percentof all food to
feed animals or create fuels, reflect values
suggesting that the dietary and transporta-
tion preferences of wealthier individuals are
more important than both feeding the mal-
nourished and stabilizing the wider biotic
community.

As the ethicist Paul Thompson has not-
ed, the term ethics is sometimes misun-
derstood in scientific contexts, where its
meaning is often limited to codes of con-
duct within a professional field.5 In this
context, to act ethically often means little
more than to act in accordance with pro-
fessional protocol. However, when philos-
ophers use the term, it refers to funda-
mental conceptions of how moral agents
ought to act within their world relative to
competing conceptions of what is good or
has value. Thus, as Thompson notes,
“While philosophical ethics does not nec-
essarily shy away from prescriptive state-
ments that say what people should be do-
ing, the point of a philosophical analysis
is to illustrate and analyze the background
assumptions and context in which the pre-
scription is grounded.”® In this sense, the
present analysis is a work of philosophical
ethics.

In aprevious article, I systematically con-
sidered the impact of intensive, feedstock-
based livestock production on human
health and the environment.” I demonstrat-
ed that human health is greatly affected by
both the overconsumption and produc-
tion of animal products. Indeed, by contri-
buting to the prevalence of chronic dis-
eases and to the spread of both antibiotic
resistantinfections and infectious diseases,
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the mass production and overconsumption
of meat constitutes one of the single great-
est threats to public health.8

Grain-fed livestock production also has
significant consequences for Earth’s wa-
ter, land, and air. Globally, livestock and
their feed crops consume large quantities
of freshwater and contribute to the pollu-
tion of waterways through agricultural
runoff and untreated waste, along with the
natural aftereffects of giving livestock ac-
cess to waterways.9 Also, by motivating
significant land-use changes (LUC) for pas-
ture and feed crops, livestock production
is aleading cause of species extinction, de-
forestation, and soil erosion.1© Finally, by
contributing to deforestation and produc-
ing direct methane and indirect nitrous-
oxide emissions, livestock are a significant
source of the anthropogenic greenhouse
gases (GHG) changing the climate.!! Over-
all, agriculture is the single largest anthro-
pogenic source of GHG, accounting for ap-
proximately 35 percent of all emissions.!?
This figure is more “than the emissions
from worldwide transportation (including
all cars, trucks, and planes) or electricity
generation.”13 Livestock production rep-
resents nearly one-half of these agricultu-
ral GHG emissions (14.5 percent).'4 How-
ever, to properly understand the ecologi-
cal impact of meat production, it is im-
portant to place the activity within the con-
text of both expected population growth
and projected rates of meat consumption.

Given the projected growth of the glob-
al middle class, the consumption of ani-
malsand animal-based productsis expect-
ed to grow 73 percent between 2010 and
2050.15 As the Food and Agriculture Or-
ganization (FAO) of the United Nations has
noted, reducing the ecological impact of
intensive livestock production is critically
important. This reduction can be achieved
by pricing water and the commons, de-
creasing or eliminating subsidies, and im-
plementing manure management prac-
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tices, among other techniques. Further, the
FAO reports that deployment of current
technologies and practices could reduce
livestock-sector GHG emissions by up to
one-third.10

However, ecologists Nathan Pelletier and
Peter Tyedmers have demonstrated that
these changes would not likely be suffi-
cient —even if they were widely imple-
mented - given the projected growth in
meat consumption. Their analysis shows
that if human activity is to remain within
sustainable “environmental boundary con-
ditions” for GHG emissions, reactive nitro-
gen mobilization, and anthropogenic bio-
mass appropriation, agriculture will in-
creasingly need to move away from the
profligate use of edible nutrition to feed to
livestock (and, as we will see, biofuels).17
All human activity — including food pro-
duction, energy production, and transpor-
tation — must fall within these limits if
humanity is to avert “irreversible ecologi-
cal change.”18

While recognizing that their model
embodies “considerable uncertainty,”
Pelletierand Tyedmers’s conservative esti-
mate is that “by 2050, the livestock sector
alone may either occupy the majority of, or
considerably overshoot, current best esti-
mates of humanity’s safe operating space
in each of these domains.”19 Specifically,
by 2050, in order to meet FAO projected
demand for animal products, livestock pro-
duction will require 70 percent of the sus-
tainable boundary conditions for green-
house gas emissions, 294 percent of sus-
tainable reactive nitrogen mobilization,
and 88 percent of sustainable biomass ap-
propriation.2® Again, these are the sustain-
able boundary thresholds for all human ac-
tivity, not merely agriculture. As a point of
comparison, Pelletier and Tyedmers noted
that if humans derived their nutrition en-
tirely from plant sources, agriculture could
use only 1.1 percent of sustainable GHG
emissions, 69 percent of sustainable reac-

tive nitrogen mobilization, and 1.1 percent
of sustainable biomass appropriation.?!
Pelletier and Tyedmers claim that as “the
human species runs the final course of rap-
id population growth before beginning to
level off midcentury, and food systems ex-
pand at commensurate pace, reining in the
global livestock sector should be consid-
ered akey leverage point for averting irre-
versible ecological change and moving hu-
manity toward a safe and sustainable op-
erating space.”2?

The mass production and consumption
of grain-fed animals is a significant source
of human disease and is a leading cause be-
hind the depletion and pollution of fresh-
water sources, the degradation and defor-
estation of land, the extinction of species,
and the warming of the planet. Further, in-
creasing demand to eat animals decreases
the total nutrition available to humans,
making the task of feeding eight hundred
and seventy million malnourished people
all the more difficult. As ecologist Jonathan
Foley has stated, “Using highly productive
croplands to produce animal feed, no mat-
ter how efficiently, represents a net drain
on the world’s potential food supply.”23
This use of edible nutrition reflects the hu-
man community’s ethical values. Given
the current and projected quantity of edi-
ble nutrition used to feed livestock, pre-
serving the ability of wealthier individu-
als to consume animals appears to have far
greater value than achieving the most sus-
tainable means possible for feeding a grow-
ing world population. But what, then, are
the values reflected in the diversion of ed-
ible nutrition to create biofuels 724

Though biofuel production diverts sig-
nificantly less of the global harvest than
livestock production (5 percent devoted to
fuels compared to the 35 percent that is al-
located to feed), the amount is not in-
consequential.?5 For instance, in 2011, 40
percent of all corn grown in the United
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States was turned into ethanol.20 Further,
biofuel production is often mandated by
laws requiring the production of certain
quantities of biofuel. For instance, in the
European Union, biofuels must account for
10 percent of all fuel by 2020; in the Unit-
ed States, 36 billion gallons must be pro-
duced annually by 2022.27 As the Nuffield
Council on Bioethics notes in its report on
biofuels, the motivations behind the cre-
ation of biofuel quotas are diverse and com-
plex: “The expectation of some was that
they [biofuels] would solve these great
challenges all at once: i.e., provide a new
source of income for farmers and revenue
from ‘clean’ technology, as well as renew-
able — and therefore endless — sources of
tuel, leading to far less greenhouse gas
(GHG) emissions than fossil fuels.”28 But
as we will see, all of these claims about bio-
fuels have been brought into question. Let
us first examine the claims that biofuels
mitigate GHG emissions.

When burned, both petroleum-based
and plant-based fuels release large quanti-
ties of carbon dioxide into the atmosphere.
However, unlike fossil fuels, the plants
used for biofuels remove carbon dioxide
from the atmosphere during their growing
phase. From this fact follows the wide-
spread claim that biofuels can be used
without significantly adding to the net re-
lease of carbon dioxide into the atmo-
sphere. Indeed, the International Energy
Agency estimates that biofuels could re-
duce current fossil fuel-related carbon
dioxide emissions from cars by 20 - 50
percent.?9 However, several studies have
questioned the potential for biofuels to
mitigate GHG emissions.3° In particular,
research has shown that corn-based eth-
anol in the United States likely leads to a
netincreasein GHG.3!

Proponents of biofuels contend that the
problem is not with biofuels per se but with
the crops being used. If, for instance, corn
were replaced with a new, second genera-
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potential of biofuels could be achieved.
The FAO estimates that if such second-
generation biofuels are grown on 25 per-
cent of all agricultural land, they could re-
place up to 14 percent of all transportation
fuels.32 Indeed, the Nuffield Council con-
cludes that, since the demand for liquid
transport fuels is not likely to decrease in
the coming decades, there is a duty to sup-
port the development of second-genera-
tion biofuels.33 Ideally, these biofuels
would satisfy five ethical principles:

1) The development of biofuels should not
come at the expense of essential human
rights (including comprehensive healthand
work rights, access to sufficient food and
water, and land entitlements).

2) Biofuels should be environmentally
sustainable.

3) Biofuels should contribute to the net
reduction of total GHG emissions; they
should not exacerbate global climate
change.

4) Biofuels should develop in accor-
dance with trade principles that are fair
and recognize the rights of people to just
reward, including labor rights and intel-
lectual property rights.

5)The costs and benefits of biofuels should
be distributed in an equitable way.34

There is not enough space here to exam-
ine each of these principles. At present, the
pressing question to answer is: can second-
generation biofuels meet the principles set
out by the Nuffield Council ?

Although second-generation fuels are
very likely to be more efficient than their
predecessors, some studies have indicated
that, it indirect land-use changes (iLUC)
are considered, these gains may be ab-
sorbed, or even lost, if land that is cur-
rently a carbon sink is converted into a
source.35 When lands that could be used
for growing food or feed crops are instead
used to grow biofuels, this creates pres-
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sures to convert marginal or forested land
to agricultural production.30 If one’s analy-
sis includes these iLUC, it is likely that
even second-generation biofuels will lead
to a net increase in GHG, violating the
Nuffield Council’s third principle.37 Yet
beyond the technical viability of second-
generation biofuels to achieve much-need-
ed GHG reductions, we must also ask
whether it would be ethically defensible to
divert 25 percent of all agricultural land -

which is currently used to grow crops to
feed humans - to replace 14 percent of
transportation fuels.

Further, critics of biofuels claim that the
diversion of edible food crops to biofuel
production decreases the global supply of
food commodities. This decrease in supply
increases the price of food commodities,
and such price increases disproportionate-
ly harm the poor. Thus, biofuels are criti-
cized asunethical for exacerbatingand con-
tributing to worldwide hunger. Wealthy
individuals are filling their vehicles with
fuels created from crops that could have
been used to feed the poor. This dimension
of the debate over biofuel production first
came to the fore in 2006, when biofuels
were blamed for a dramatic spike in global
food prices, which caused widespread
suffering and instability in developing
nations.38 The food versus fuel debate
reached its zenith in 2007, when Jean Zieg-
ler, the United Nations’ special rapporteur,
condemned biofuels as “a crime against
humanity.”39

However, as Paul Thompson has dem-
onstrated, this analysis of the ethics of bio-
fuels is too facile. First, it is not clear that
shifting biofuels from edible plants to non-
edible and more efficient crops will miti-
gate biofuels’ effect on food prices. In a
global food commodity market, it is not
possible to segregate food and fuel crops.
Forinstance, if biofuel production is shift-
ed from corn to miscanthus, this will still
result in fewer acres of corn being plant-

ed, which will have the same economic ef-
fect on food prices as having diverted the
corn tobiofuel production.4° Thus, Thomp-
son concludes: “Over thelong run, relying
on the use of nonfood crops as fuel feed-
stocks will translate intoland use decisions
that preserve the same food vs. fuel ten-
sions noted in the original critiques.”4!

However, as Thompson has demon-
strated, this analysis of the ethics of bio-
fuels is still incomplete: it fails to recog-
nize that food insecurity is highest among
poor people who are themselves food pro-
ducers.4? Of the world’s poor, it is prima-
rily the 20 percent who live in urban areas
and buy (rather than grow) food that are
affected by the increase in food commodity
prices caused by biofuel production. Thus,
although biofuel production will increase
food prices, harming the 20 percent of the
world’s urban poor, for the 8o percent of
the world’s poor who are food producers,
increases in food commodity prices can
in principle be economically beneficial.43
Yet, as Thompson rightly notes, although
there is the potential for commodity price
increases to empower the food-producing
poor, these theoretical benefits are un-
likely to be realized in the absence of con-
certed implementation programs.

Although defenders of biofuels argue
that they can benefit poor farmers, thereis
very little discussion of the peculiar vul-
nerabilities that poor farmers face in an
era of rapid technological change. There is
every reason to suspect that many of the
scientists, public institutions, and private
firms that are in the process of developing
the next generation of biofuels operate
from a position of naiveté about the most
likely impact of the technology that they
are developing.44

To summarize, there are serious technical
and ethical concerns regarding the use of
feedstock and biofuels. Though the tech-
nical advances in livestock and biofuel
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production are likely to make them more
efficient, this alone does not address the
underlying ethical issues regarding land
use and food security for the world’s poor.
The underlying ethical issue of the wide-
spread use of both feedstock and biofuels is
one of resource allocation and land use. Is
it ethically defensible to use land to create
feed for animals when doing so is often
harmful for human health, uses large
quantities of increasingly scarce fresh-
water, contributes significantly to water
pollution, exacerbates LUC that cause spe-
cies extinction, and significantly contri-
butes to global climate change, all while
reducing the total nutrition available for
humans? Similarly, what values are reflect-
ed in the use of land to create crops (wheth-
er edible or not) that will be turned into
biofuels so that wealthier individuals can
drive vehicles with a potentially lower
GHG footprint, when doing so increases
the price of food for at least 20 percent of
the urban poor, and is unlikely to benefit
the remaining 8o percent of food-produc-
ing poor, who often do not have access to
markets and technology that would allow
them to benefit from higher food com-
modity prices?

The widespread and growing use of feed-
stock and biofuels reflects the human com-
munity’s values. The current land use ar-
rangements, which divert 40 percent of all
food to feed animals or create fuels, re-

ENDNOTES

flect values that suggest that dietary and
transportation preferences of wealthier in-
dividuals are more important than feed-
ing people. If food were used to feed peo-
ple directly, rather than to fatten cows or
createfuel, it would increase the total sup-
ply of food. As Foley and his colleagues
have noted, the wholesale shift to a plant-
based diet would net up to three quad-
rillion calories annually, a 50 percent in-
crease in the total supply of food.45 They
add: “Naturally, our current diets and uses
of crops have many economic and social
benefits, and our preferences are unlikely
to change completely. Still, even small
shifts in diet, say from grain-fed beef to
poultry, pork or pasture-fed beef, can pay
off handsomely.”46

Thus, appropriately extended to include
the present analysis of biofuels, the central
claim of my earlier analysis remains true:
although there are important and morally
relevant differences in various modes of
agricultural production, eating grain-fed
animals and converting food to fuel are dif-
ficult to ethically justify when more than
eight hundred and seventy million people
are malnourished. Given the current and
projected size of the human population,
itwill increasingly be necessary to modi-
ty not only how meat and biofuels are pro-
duced, butalso dietary and transportation
preferences themselves.
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