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Abstract

The principal objections to the proposition that organic agriculture can contribute significantly to the global food supply are
low yields and insufficient quantities of organically acceptable fertilizers. We evaluated the universality of both claims. For
the first claim, we compared yields of organic versus conventional or low-intensive food production for a global dataset of
293 examples and estimated the average yield ratio (organic : non-organic) of different food categories for the developed
and the developing world. For most food categories, the average yield ratio was slightly <1.0 for studies in the developed
world and >1.0 for studies in the developing world. With the average yield ratios, we modeled the global food supply that
could be grown organically on the current agricultural land base. Model estimates indicate that organic methods could
produce enough food on a global per capita basis to sustain the current human population, and potentially an even larger
population, without increasing the agricultural land base. We also evaluated the amount of nitrogen potentially available
from fixation by leguminous cover crops used as fertilizer. Data from temperate and tropical agroecosystems suggest that
leguminous cover crops could fix enough nitrogen to replace the amount of synthetic fertilizer currently in use. These results
indicate that organic agriculture has the potential to contribute quite substantially to the global food supply, while reducing
the detrimental environmental impacts of conventional agriculture. Evaluation and review of this paper have raised
important issues about crop rotations under organic versus conventional agriculture and the reliability of grey-literature
sources. An ongoing dialogue on these subjects can be found in the Forum editorial of this issue.

Key words: organic agriculture, conventional agriculture, organic yields, global food supply, cover crop

and the global trends of increased mest consumption and
decreasing grain harvests per capita®, advocates argue that
a more intensified version of green-revolution agriculture
represents our only hope of feeding the world. Another side
of the debate notes that these methods of foed production
have incurred substantial direct and indirect costs and may
represent 2 Faustian bargain. The environmental price of

Introduction

Ever since Malthus, the sufficiency of the global food
supply to feed the human population has been challenged.
One side of the current debate claims that green-revolution
methods—involving high-yielding plant and animal vari-
eties, mechanized tillage, synthetic fertilizers and biocides,

and now transgenic crops—are essential in order to produce
adequate food for the growing human population' . Green-
revolution agriculture has been a stunning technological
achievement. Even with the doubling of the human pop-
ulation in the past 40 years, more than enough food has been
produced to meet the caloric requirements for all of the
world’s people, if food were distributed more equitably’.
Yet Malthusian doubts remain about the future. Indeed,
given the projection of 9 to 10 billion people by 2050°

green-revolution agricuiture includes increased soil erosion,
surface and groundwater contamination, release of green-
house gases, increased pest resistance, and loss of biodiver-
sity’*. Advocates on this side argue that more sustainable
methods of food production are essential over the long
termls_l-".

If the latter view is correct, then we seem to be pursuing
a short-term solution that jeopardizes long-term environ-
mental sustainability. A central issue is the assertion that
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alternative forms of agriculture, such as organic methods,
are incapable of producing as much food as intensive
conventional methods do’°. A corollary is that organic

agriculture requires more land to produce food than con--

ventional agriculture does, thus offsetting any environ-
mental benefits of organic production'®. Additionally,
critics have argued that there is insufficient organically
acceptable fertilizer to produce enough organic food
without substantlally increasing the land area devoted to
 agriculture®. _

Here, we evaluate the potential contribution of organic
agriculture to the global food supply. Specifically, we
 investigate the principal objections against organic agri-
culture making a significant contribution—Ilow yields and
insufficient quantities of organic nitrogen fertilizers.. The
term ‘organic’ here refers to farming practices that may be
called agroecological, sustainable, or ecological; utilize
natural (non-synthetic) nutrient-cycling processes; exclude
or rarely use synthetic pesticides; and sustain or regenerate
soil quality, These practices may include cover crops,
manures, compost, crop rotation, infercropping, and bio-
logical pest control. We are not referring to any particular
 certification criteria and include non-certified. orgamc
examples in cur data.

Methods

We compiled data from the published literature about the

current global food sapply, comparative yields between
organic and non-organic production methods, and biolog-
. ical nitrogen fixation by leguminous crops. These data were
the basis for estimating the global food supply that could be
grown by organic methods and the amount of nitrogen that
could become available through increased use of cover
' CTOpS as green manures.

Estimation of the global food supply
Estimation of the global food supply grown by organic

methods involved compiling data about current global food -

production, deriving ratios of the yields obtained from
organic versus Ron-organic production methods, and apply-
ing these yield ratios to current global production values.
Global food production. Summary data from the Food
and Agricultural Organization (FAQ) for 2001"° docu-
ment the current global food supply—grown primarily by
conventional methods in most of the developed world and
primarily by low-intensive methods in most of the devel-
oping world. The FAO provides estimates of the current
food supply in 20 general food categories™ which we
modified for our study. We combined three pairs of cate-
gories (into sugars and sweeteners, vegetable oils and oil-
crops, meat and offals). We omitted from consideration
three categories (spices, stimulants, and °*miscellancous’),
because they contribute few calories and little nutritional
value to the daily diet and lack comparative data for
organic. versus non-organic production: In addition, we
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reported data for seafood and ‘other aquatic products’ but
.did not estimate yield ratios for these categories, since

meost of these foods are currently harvested from the wild.
Alcoholic beverages were reported since they contribute
significantly to the average daily caloric intake, but no
assessment of organic yields was made. The data pres-
ented for yield ratios pertain to ten categories covering
the major plant and animal components of human diets,
Food-production data of the FAO include both commer-
cial and domestic production and exclude losses during
harvest. Pre-harvest crop losses are not included in the
estimates; these losses may be substantial®® but are not

necessarily meore serious for organic production, since a
- host of methods is available for managing pests®™??. For

each country or region, the FAQ data for the food supply
available for human consumption take into account food
production, exports, imports, and stocks, as well as losses
of productlon to become livestock feed, seed, or waste'®
*Waste’ refers to post-harvest loss during storage, transport
and - processing. We compiled. this information for the
world, for developed countries, and for developing
countries, following the FAO classification of countries as
developed or developing.

Deriving yield ratios. We estimated the global organic

' food supply by multiplying the amount of food in the

current (2001) food supply by a ratio comparing average
organic :non-organic yields. Comparisons of organic fo
non-organic production are available for many plant foods
and a few animal foods. For each of 293 comparisons of
organic or semi-organic production to locally prevalent
methods under field conditions, the yield ratio is the ratio
of organic:non-organic production. A ratic of 0.96, for
example, signifies that the organic yield is 96% that of
the conventional yield for the same crop. The compari-
sons include 160 cases with conventional methods and
133 cases with low-intensive methods. Most examples are

from the peer-reviewed, published literature; a minority

come from conference proceedings, technical reports, or
the Web site of an agricultural research station. Like
Stanhlll’s 1960 survey of organic and conventional pro-
duction® ,» our data include numerous comparisons from
paired farms and controlled experiments at research
stations. The studies range in observation length from a
single growing season to over 20 years. Despite the ob-
servation that yields following conversion from conven-
tional to organic production initially decline and then
may increase with time®*? (but see ref. 23), we included
studies regardiess of duration. All of Stanhill’s examples
(which are included here} were from the developed world,
whereas our dataset also includes diverse examples from
the developing world. No attempt was made to bias the
results in favor of organic yields; many examples from
developed and developing countries exhibit low compara-
tive yields. We avoided generalizations based on country-
wide or regional average yields by organic or conventional
methods. Some examples are based on yields before and
after conversion to organic methods on the same farm.
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Table 1. Average yield ratio {organic : non-crganic) and standard error (8.E.) for ten individual food categories recognized by the, FAO™
and three summary categories. Average yield ratio based on data from 91 studies (see Appendix 1 for data and sources). (A) All countries,

(B) Developed countries. (C) Developing countries.

(A) World (B) Developed countries {C) Developing countries

Food category N Av. S.E. N Av. S.E. N Av. S.E.
Grain products 171 1.312 0.06 69 0.928 0.02 102 1.573 0.09
Starchy roots 25 1.686 0.27 14 0.891 0.04 11 2,697 0.46
Sugars and sweeteners 2 1.005 0.02 2 1.005 0.02

Legumes (pulses) 9 1.522 Q.55 7 0.816 0.07 2 3.995 1.68
Oil crops and veg. oils 15 1.078 0.07 13 0.991 0.05 2 1.643 0.00
Vegetables 37 1.064 0.10 3t 0.876 0.03 6 2.038 0.44
Fruits, excl. wine 7 2.080 0.43 2 0.955 0.04 5 2.530 0.46
All plant foods 266 1.325 0.05 138 0.914 0.02 128 1.736 0.09
Meat and offal 8 0,988 0.03 8 0.988 0.03

Milk, excl. butter 18 1434 024 13 0.949 0.04 5 2.694 0.57
Eggs 1 1.060 1 1.060

All animal foods 27 1.288 0.16 22 0.968 0.02 3 2.694 0.57
All plant and 203 1.321 0.05 160 0,922 0.0t 133 1.802 0.09

animal foods

We grouped examples into ten general food categories
and determined the average yield ratio for all cases in
each food category. For the complete dataset and sources,
see Appendix 1. Table 1 presents the average yield ratios of
these food categories for all studies combined (the world),
studies in developed countries, and studies in developing
countries. If no data were available (e.g., tree nuts) for
estimating global organic production, then we used the
average yield ratio for all plant foods, or ail animal foods
where relevant. For individual studies in which several
yield ratios were reported for a single crop (e.g., 0.80-2.00)
grown under the same treatment, we took the average as
the value for the study, When different treatments were
described, we listed a value. for each treatment. Averaging
the yield rafios across each general food category re-
duced the effecis of unusuvally high or low yield ratios
from individual studies. As these studies come from many
regions in developed and developing countries, the average
yield ratios are based on a broad range of soils and climates.
The average yield ratio is not intended as a predictor of
the yield difference for a specific crop or region but as
a general indicator of the potential yield performance of
organic relative to other methods of production.

Studies in the global south usually demonstrate increases
in yields following conversion to organic methods
(Table 1C), but these studies are not comparable with
those in the developed world. At present, agriculture in
developing couniries is generally less intensive than in the
developed world. Organic production is often compared
with local, resource-poor methods of subsistence farming,
which may exhibit low yields because of limited access by
farmers to natural resources, purchased inputs, or extension
services. While adoption of green-revolution methods has
typically increased yields, so has intensification by organic
methods®®, Such methods more often result in non-certified

than in certified organic production, since most food
produced is for local consumption where certification is
not at issue®’. Data from these studies are relevant for our
inguiry, which seeks quantitative comparisons between
organic production and prior methods, whether by conven-
tional or subsistence practices, since both prevailing
methods contribute to global food production.

Estimating the global food supply. Using the average
yield ratio for each food category, we estimated the
amount of food that could be grown organically by multi-
plying the amount of food currently produced times the
average yield ratio (Tables 2 and 3). Following the FAO
methodology'®, this estimate was then proportionally
reduced for imports, exports, and losses (e.g., Table 2,
column D)) to give the estimated organic food supply
after losses (e.g., Table 2, column G), which is the food
supply available for human consumption. We assumed
that all food currently produced is grown by non-organic
methods, as the global area of certified organic agriculture
is only 0.3%%%.

We constructed two models of global food pro-
duction grown by organic methods. Model 1 applied the
organic : non-organic {(conventional) yield ratios derived
from studies in developed countries to the entire agr-
cultural land base (Table 2). This model effectively
assumes that, if converted to organic production, the low-
intensity agriculture present in much of the developing
world would have the same or a slight reduction in yields
that has been reported for the developed world, where
green-revolution methods now dominate. Model 2 applied
the yield ratios derived from studies in the developed world
to food production in the developed world, and the yield
ratios derived from studies in the developing world to food
production in the developing world (Table 3). The sum of
these separate estimates provides the global estimate.
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Table 2. Actual (2001) food supply and estimates for Model 1. Data for world food supply from FAQ Statistical Database'®.

(A) Food category (B) Actual (C) Actual (D} Supply as (E) Average (F) Estimated = (G} Estimated
world food food supply proportion vield ratio erganic food organic food
production after losses  of production {Table 1} production supply after

{C/B) BxE) losses (D xF)

Units 1006 Mg 1000 Mg 1000 Mg 1000 Mg

Grain products 1,906,393 944,611 050 0.928 1,769,133 876,599

Starchy roots 685,331 391,656 0.57 0.891 610,630 348,965

Sugars and sweeteners 1,666,418 187,040 011 1.005 1,674,917 187,975

Legumes (pulses) 52,751 32,400 0.61 0.816 43,044 26,438

Tree nuts 7.874 7,736 0.98 09144 7,213 7,070

il crops and vegetable oils 477,333 110,983 0.23 0.991 472,559 109,984

Vegetables 775,502 680,802 . 0.88 0.876 679,340 596,383

Fruits, excl. wine 470,095 372,291 0.7 0.955 448,940 355,538

Alcoholic beverages 230,547 199,843 0.87

Meat and offal 252,620 247,446 098 0.988 249,588 244,476

Animal fats 32,128 19,776 . 062 0.968% 31,100 19,143

Milk, excl. butter 589,523 479,345 0.81 0.949 559,457 454,898

Eggs 56,965 50,340 0.88 _ 1.060 60,383 53,360

Seafood 124,342 95,699 0.77

Other aguatic products 10,579 8,514 0.80 ,

Average for all foods ' 0.922

! Average yield ratio for all plant foods (developed countﬁes) was used, since no comparative yield data were available for this food )

category.

? Average yield ratio for ail animal foods (developed countries) was used, since no comparative data were available for this food

category,
Mg = megagram = metric ton.

In Model 1, the standard error of the estimate was

caiculated for an affine transformation (i.e., rescaled to
world food production)?®, In Model 2, the estimated global
organic food production was the sum of two regional
calculations—the yield ratios from the developed world

times the current food production in the developed world

and the yicld ratios from the developing world times the
current food production in ‘the developing world. The
standard error of the global estimate was determined for
the sum of two independent random variables?®,

For Model 2, we did not adjust for the amount of
imported food in each food category. These amounts
ranged from 4.9 to 75.8% (imported as a proportion of total
food supply before losses) for the developed-world food
supply and from 0.7 to 22.9% for the developing-world
food supply". Adjusting for imports in Model 2 would
elevate slightly to greatly the estimates of the organic food
supply in developed countries (Table 3, column F, because
a proportion of the actual food supply would be multiplied

" by the higher average yield ratios for developing countries)
and would diminish slightly the estimates of the organic
food supply in the developing world (Table 3, column K,
because- a proportion of the actual food supply would

" be multiplied by the lower average vield ratios for the
developed world). The overall results would be qualita-
tively similar. -

Additional model assumptions. Both models were
based on the pattern of food production and the amount
“of land devoted to crops and pasture in 2001. The models

estimate the kinds and relative amounts of food that are
currently produced and comsumed, including the same
pattern of ‘total and per-capita consumption. of meat,
sugars, and alcoholic beverages. Additional assumptions
include (1) the same proportion of foods grown for ani-
mal feed (e.g., 36% of global grain production), (2) the
same proportion of food wasted (e.g., 10% of starchy
roots), and (3) the same nutritional value of food (e.g.,
for protein and fat content in each food category), even
though changes in some of these practices would benefit
human or environmental health. Finally, we made no

'assumptions about food distribution and availability, even

though changes in accessibility are necessary to achicve
global food security. These assumptions establish the
boundary conditions for the models but are not intended
as an assessment of the sustainability of the current global
food system.

Calories per capita

The calories per capita resulting from Models 1 and 2
were estimated by multiplying the average yield ratios
(organic: non-organic) in each food category by the FAQ
estimate of per-capita calories currently available in that
food category'®, S

Nitrogen availability with cover crops

The main limiting macronutrient for agricutiural production -
is biologically available nitrogen (N) in most areas, with
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phosphorus limiting in certain tropical regions>®. For

phosphorus and potassium, the raw materials for fertility
in organic and conventional systems come largely from
mineral sources>! and are not analyzed here.

Nitrogen amendments in organic farming derive from
crop residues, animal manures, compost, and biologically
fixed N from leguminous plants®”. A common practice in
temperate regions is to grow a leguminous cover crop
during the winter fallow period, between food crops, or as a
Telay crop during the growing season. Such crops are called
green manures when they are not harvested but plowed
back into the soil for the benefit of the subsequent crop. In
tropical regions, leguminous cover crops can be grown
between plantings of other crops and may fix substantial
amounts of N in just 46-60 days®®. To estimate the amount
of N that is potentially available for organic production, we
considered only what could be derived from leguminous
green manures grown between normal cropping periods.
Nitrogen already derived from animal manure, compost,
grain legume crops, or other methods was excluded from
the calculations, as we assumed no change in their uose,

- The global estimate of N availability was determined from
the rates of N availability or N-fertilizer equivalency
reported in 77 studies—33 for temperate regions and 44 for
tropical regions, including three studies from arid regions
and 18 studies of paddy rice. N availability values in
kgha™' were obtained from studies as either ‘“fertilizer-
replacement value,” determined as the amount of N
fertilizer needed to achieve equivalent yields to those
obtained using N from cover crops, or calculated as 66% of

. N fixed by a cover crop becoming available for plant uptake

during the growing season following the cover crop®*. The
full dataset and sources are listed in Appendix 2. We
estimated the total amount of N available for plant uptake
by multiplying the area currently in crop production (but
not already in leguminous forage production—Ilarge-scale
plantings of perennial legume systems) by the average

amount (kgha™!) of N available to the subsequent crop
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from leguminous crops during winter fallow or between
crops (Table 4, Appendix 2).

Results and Discussion

Estimates of food and caloric production
under organic agriculfure

Figure 1 compares the estimates from Models 1 and 2 to the
current food supply. According fo Model 1, the estimated
organic food supply is similar in magnitude to the current
food supply for most food categories (grains, sweeteners,
tree nuts, oil crops and vegetable oils, fruits, meat, animal
fats, milk, and eggs). This similarity occurs because
the average yield ratios for these categories range from
0.93 to 1.06 (Figure 1, Tables 1B and 2). For other food
categories (starchy roots, legumes, and vegetables), the
average yield ratios range from 0.82 to 0.89, resulting in
somewhat lower production levels. The average yield ratio
for all 160 examples from developed countries is 0.92,
close to Stanhill’s average relative vyield of 0.9_123.-
According to Model 2, the estimated organic food supply
exceeds the current food supply in all food categories, with
most estimates over 50% greater than the amount of food
currently produced (Figure 1). The higher estimates in
Model 2 result from the high average yield ratios of organic
versus current methods of production in the developing
world (Tables 1C and 3). The average yield ratio for
the 133 examples from the developing world is 1.80. We
consider Model ‘2 more realistic because it uses average
yield ratios specific to each region of the world.

These two models likely bracket the best estimate of
global organic food production. Model 1 may underesti-
mate the potential yield ratios of organic to conventional
production, since many agricultural soils in developed
countries have been degraded by years of tillage, synthetic
fertilizers, and pesticide residues. Conversion to organic
methods on such soils typically results in an initial decrease

Table 4. Estimated nitrogen available for plant uptake from biological nitrogen fixation with leguminous cover crops, for the world and
the US. For A, and F, data are from FAO Statistical Data Base'® and USDA National Agriculture Statistics”; for B, data for the world are
from Gallaway et al., 1995%, and for the US from USDA-ERS?7 and the USDA National Agriculture Statistics™; for D, data are from
sources listed in Appendix 2. Estimates arc based on land area not currently in lepuminous forage production.

World Uus

Area of total cropland

Area in leguminous forage production

Area remaining for use in.cover crops (A-B)

Average N availability or fertilizer-equivalence from winter
and off-season cover crops

‘Estimated N available from additional cover crops without
displacing production {C x D)

F Total synthetic N fertilizer in current use by conventional

agriculture '
G Estimated N fixed by cover crops in excess of current
synthetic fertilizer use (E-F) :

jwike =I5

es]

177.3 million ha

36.0 million ha

141.3 million ha

95.1kg Nha 'yr™!
(n=32,8D.=315)

13.4 million Mg N

1513.2 million ha -
170.0 million ha
1362.1 million ha
102.8kg Nha 'yr!
(n=77, 8D.=718)
140.0 miltion Mg N

82.0 million Mg N 10.9 million Mg N

58.0 million Mg N 2.5 million Mg N
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Figure I. Estimates of the global food supply from two models
of organic production compared with the actual food supply in
2001. Standard errors are given for food categories with multiple
studies of yield ratios (see Table 1 and Appendix 1).

in yields, relative to conventional methods, followed by an
increase in yields as soil quality is restored”. Model 2
may overestimate the yield ratios for the developing world
to the extent that green-revolution methods are practiced.

Both models suggest that organic methods could sustain
the current human population, in terms of daily caloric
intake (Table 5). The current world food supply after
Josses'® provides 2786kcal person~'day™!. The average
caloric requirement for a healthy adult®® is between 2200
and 2500kcalday™. Model 1 vyielded 2641kcal
person”' day~', which is above the recommended value,
even if slightly less than the current availability of calories.
Model 2 yielded 4381 keal person™ day™, which is 57%
greater than current availability. This estimate suggests
that organic production has the potential to support a sub-
stantially larger human population than currently exists.
Significantly, both models have high yields of grains, which
constitute the major caloric component of the human diet.
Under Moedel 1, the grain yield is 93% that of current
production. Under Model 2, the grain yield is 145% that of
current production (Table 5).

The most unexpected aspect of this study is the con-
sistently high yield ratios from the developing world
(Table Al, Appendix 1). These high yields are obtained
when farmers incorporate intensive agroecological tech-
niques, such as crop rotation, cover cropping, agroforestry,
addition of organic fertilizers, or more efficient water
management'®*, In some instances, organic-intensive
methods resulted in higher yields than conventional
methods for the same crop in the same setting (e.g., the
system of rice intensification (SRI) in ten developing
countries®®). Critics have argued that some of these
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examples exceed the intrinsic yield limits set by crop
genetics and the environmental context®’. (Such contro-
versy surrounds the “SRI” and our data include studies from
both sides of this controversy.) Yet alternative agricultural
methods may elicit a different pathway of gene expression
than conventional methods do*!. Thus, yield limits for
conventionally grown crops may not predict the yield limits

under alternative methods.

Crop rotation and yield-time adjustment

Organic grain production frequently uses a different
rotation system than conventional production. For example,
it is common in organic systems to have a three or four-
year rotation (with legumes or other crops) for com, while
the conventional rotation often involves planting corn every
other year. In situations like this, it is difficult to make
yield comparisons beiween organic and conventional
systems without some sort of time adjustment, Although
the high variation among rotation systems worldwide
makes it impossible to provide a general time—yield ad-
justment, evaluating potential differences in performance
is important. A thorough evaluation of the rotation effect
requires knowledge of the plot-to-plot yield differences
between organic and conventional production and the rate
of decline of both organic and conventional production as
a function of the rotation sequence—information that has
not yet been experimentally demonstrated. While rotations
would undoubtedly differ under a global organic production
system, we have no basis for concluding that this system
would be unable to provide enough grain to feed the world.

Organic nitrogen fertilizer

In 2001, the global use of synthetic N fertilizers was 82
million Mg (metric ton)'®, Our global estimate of N fixed
by the use of additional leguminous crops as fertilizer is
140 million Mg, which is 58 million Mg greater than the
amount of synthetic N currently in use (Table 4). Even in
the US, where substantial amounts of synthetic N are used
in agriculture, the estimate shows a surplus of available
N through the additional use of leguminous cover crops
between normal cropping perieds. The global estimate
is based on an average N availability or N-fertilizer
equivalency of 102.8kgNha™' (S.D. 71.8, n=76, Table
A2, Appendix 2). For temperate regions, the average is
95.1kg Nha™! ($.D. 36.9, = 33) and for tropical regions,
the average is 108.6kg Nha™! (S.D. 99.2, n=43). These
rates of biological N fixation and release can match N
availability with crop uptake and achieve yields equivalent
to those of high-yielding conventionally grown crops®.
In temperate regions, winter cover crops grow well in fail
after harvest and in early spring before planting of the
main food crop®™. Research at the Rodale Institute
(Pennsylvania, USA) showed that red clover and hairy
vetch as winter covers in an oat/wheat—com—soybean
rotation with no additional fertilizer inputs achieved yields
comparable to those in conventional controls>*>>**. Even
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" Tabie 5. Caloric values for the actual food supply (2001, data from FAQ") and for the organic food supply estimated in Models ! and 2
(Tables 2 and 3). For alcoholic beverages, seafood, and other aquatic products, no change in caloric intake was assumed,
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‘Food Actual Actual  Model 1 Ratio of Est. per Model 2 Ratio of Est. per
category food supply per capiia results model/ capita results model/ capita
after losses supply actual supply, actual supply,
- Model 1 Model 2
Units 1000Mg  Kcealday™' 1000 Mg Kealday? 1006 Mg Kcal day™!
Grain 944,611 1335.3 876,599 0.93 1239.1 1,370,435 1.45 1937.2
products :
Starchy roots 391,656 146.83 348,965 0.89 130.8 " 881,559 225 3304
Sugars and 187,040 2477 187,975 1.01 249.0 283,565 1.52 - 375.6
" sweeteners .
Legumes 32,400 538 26,438 0.82 43.9 124,099 3.83 2059
(pulses) ) )
- Tree nuts 7,736 89 1,070 0.9t 82 10,687 1.38 12.3
Oil crops and 110,983 3264 109,984 0.99 323.1 166,010 1.50 488.2
veg. oils’ ’ . .
Vegetables 680,802 72.7 596,383 0.88 637 1,213,027 1.78 129.6
Fruits, excl. 372,291 77.8 355,538 0.96 74.3 771,443 2.07 i61.2
wine i
Aleoholic 199,843 64.0 64.0 . 64.0
beverages :
Meat and 247,444 211.1 244476 099 208.6 358,909 145 306.2
offals . ' : :
Animal fats 19,776 61.2 19,143 0.97 59.2 26,561 134 822
. Milk, excl. 479,345 119.7 454,898 0.95 113.6 836,434 1.74 208.9
butter : :
EBggs 50,340 323 53,360 1.06 ;342 78,323 1.56 50.2
Seafood 95,699 274 : 27.4 274
Other 8,514 1.4 14 i4
aguatic )
prod.
Total 2786.4 2640.7 4380.6

in arid and semi-arid tropical regions, where water is
limiting between periods of crop production, drought-
resistant green manures, such as pigeon peas or groundnuts,
can be used to fix N254546 Use of cover crops in arid
rcglons has been shown to increase soil moisture reten-
tion*’, and management of dry season fallows commoniy
practiced in dry African savannas can be improved with the
use of N-fixing cover crops for both N-fixation and weed
control*. Areas in sub-Saharan Africa which currently use
only very small amounts of N fertilizer (9kgha™", much of
it on non-food crops*®) could easily fix more N with the use
of green manures, leading to an increase in N availability
and yields in these areas®®. In some agricultural systems,
leguminous cover crops not only contribute to soil fertility
but also delay leaf senescence and reduce the vulnerability
of pIants to disease™,

Our estimates- of N availability from Ileguminous
cover crops do not include other practices for increasing
biologically fixed N, such as intercropping™®, alley crop-

ping with lcgurmnous trees™, rotation of livestock with.
annual crops , and inoculation of soil with free-living

N-fixers® ! _practices that may add considerable N fertility

to plant and animal production®®. In addition, rotation of
food-crop legumes, such as pulses, soy, or groundnuts, with
grains can contribute as much as 75kg Nha™! to the graing
that follow the legumes>?

These methods can increase the N-use efficiency by
plants. Since biologically available N is readily leached
from soil or volatilized if not taken up quickly by plants,
N use in agricultural systems can be as low as 50%>.

-Organic N sources occur in more stable forms in carbon-

based compounds, which build soil organic matter and
increase the amount of N held in the soil**** Conse-
quently, the amount of N that must be added each year.
to maintain yields may actually decrease, because the

. release of organic N ﬁxed in one season occurs over several

years®®

These results imply that, in principle, no additional
land area is required to obtain enough biologically available
N to replace the cumrent use of synthetic N fertilizers.
Allthough this scenario of biological N fixation is simple, it
provides an assessment, based on available data, for one

~ method of organic N-fertility production that is widely used

by organic farmers and is fairly easy to implement on a
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large scale. This scenario is not intended to be prescriptive
for any particular rotation or location, but to demonstrate
the possibility of this type of cover-cropping system to fix
large quantities of N without displacing food crops or
expanding land area. The Farm Systems Trial at the Rodale
Institute uses legume cover crops grown between main
crops every third year as the only source of N fertility and
reports comparable grain yields to those of conventionally
managed systems, while using non-legume winter cover
crops in other years to maintain soil quality and fertility and
to suppress weeds (R. Seidel and P. Hepperly, personal
communication, 2006). In practice, a range of methods
acceptable in organic agriculture provides critical flexibility
in N—management”, including many sources other than
cover crops. Although some environmental and economic
circumstances pose challenges to reliance on leguminous
fertilizers™, the full potential of leguminous cover crops
in agriculture is yet to be utilized. Implementation of
existing knowledge could increase the use of green manures
in many regions of the world®®. Future selection for crop
varieties and green manures that have higher rates of N
fixation, especially in arid or semi-arid regions, and
perform well under N-limiting conditions, as well as for
improved strains of N-fixing symbionts, combined with
reductions in the amount of N lost from legume-based
production systems, and increases in the planting of
legumes, held great promise for increasing the role of
biclogical N-fixation in fertility management’’. The
capacity for increased reliance on legume fertilizers would
be even greater with substantive changes in the food
system, such as reduction of food waste and feeding less
grain to livestock™®,

Prospects for More Sustainable
Food Production

Our results suggest that organic methods of food production
can contribute substantially to feeding the current and
future human population on the current agriculiural land
base, while maintaining soil fertility. In fact, the models
suggest the possibility that the agricultural land base could
eventually be reduced if organic production methods
were employed, although additicnal intensification via
conventional methods in the tropics would have the same
effect. Our calculations probably underestimate actual
output on many organic farms. Yield ratios were reported
for individual crops, but many organic farmers use
polycultures and multiple cropping systems, from which
the total production per unit area is often substantially
higher than for single crops**”%, Also, there is scope for
increased production on organic farms, since most agri-
cultural research of the past 50 years has focused on
conventional methods. Arguably, comparable -efforts
focused on organic practices would lead to further im-
provements in yields as well as in soil fertility and pest
management. Production per unit area is greater on small
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farms than on large farms in both developed and developing
couratriessg; thus, an increase in the number of small
farms would also enhance food production. Finally, organic
production on average requires more hand labor than does
conventional production, but the labor is often spread out
more evenly over the growing season®>%%52_ Thig require-
ment has the potential to alleviate rural unemployment
in many areas and to reduce the trend of shantytown
construction surrounding many large cities of the develop-
ing world.

The Millennium Ecosystem Assessment!’ recommends
the promotion of agricultural methods that increase food
production without harmful tradeoffs from excessive use
of water, nutrients, or pesticides. Our models demonstrate
that organic agriculture can contribute substantially to a
more sustainable system of food preduction. They suggest
not only that organic agriculture, properly intensified,
could produce much of the world’s food, but also that
developing countries could increase their food security with
organic agriculture. The results are not, however, intended
as forecasts of instantaneous local or global production
after conversion to organic methods, Neither do we claim
that yields by organic methods are routinely higher
than yields from green-revolution methods. Rather, the
results show the potential for serious alternatives to green-
revolution agriculture as the dominant mode of food
production.

In spite of our optimistic prognosis for organic
agriculture, we recognize that the transition to and practice
of orgamic agriculture contain numerons challenges—
agronomically, economically, and educationally. The
practice of organic agriculture on a large scale requires
support from research institutions dedicated to agro-
ecological methods of fertility and pest management, a
strong extension system, and a committed public. But it
is time to put to rest the debate about whether or not
organic agriculture can make a substantial confribution
to the food supply. It can, both locally and globally, The
debate should shift to how to allocate more resources for
research on agroecological methods of food production and
how to enhance the incentives for farmers and consumers
to engage in a more sustainable production system, Finaily,
production methods are but one component of a sustainable
food system. The economic viability of farming methods,
land tenure for farmers, accessibility of markets, avail-
ability of water, trends in food consumption, and alleviation
of poverty are essential to the assessment and promotion of
a sustainabie food system.
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