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Towards a More Sustainable Agriculture

Foreword

Critical Reviewsin Plant Sciences is pleased to devote these
issues to research in Sustainable Agriculture. The general topic
of “sustainability” has been discussed in many regards—from
housing to population growth, land usage to the effects of pol-
lution on the environment, and so on. Intertwined among all
the issues encompassed by sustainability is that of a sustain-
able food source, without which global society would certainly
crumble. These very timely and thoughtful reports take a careful
look at issues confronting conversion of our agricultural base
into a truly sustainable model. In particular, organic approaches
are mentioned and discussed. But also importantly, uses of the
wild landscape as food sources are examined and education of
the populace on the needs and methods of sustainability are dis-
cussed. Throughout the issue, the authors make a case for the
need to achieve more sustainability of our food and fiber supply,
as well as the consequences for not doing so.

We are especially indebted to Guest Editor Professor Tiziano
Gomiero for taking the lead on this project, along with David
Pimentel and Maurizio G. Paoletti for their contributions. It
is important to note that Professors Pimentel and Paoletti
are long-time members of the CRPS editorial board and the
Guest Editors’ collective talents can be seen throughout the
issue.

This is the third in a series of special issues that are periodically
published by CRPS. We hope that these articles will provide
an enduring science-based backdrop for technical, social, and
policy-making decisions required to deal with environmental
challenges facing our changing world.

Dennis J. Gray
Robert N. Trigiano
Editors-in-Chief
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Agriculture provides food, fiber, construction materi-
als, biomass, and “green energy.” It also contributes to an
environmentally-friendly environment. Our societies are totally
dependent upon agriculture and the photosynthetic pathway
contributed by sunlight.

When humans began to rely on agriculture for their sub-
sistence, civilizations flourished while humans spread all
over the globe, transforming ecosystems to provide for
their ever-increasing needs (Diamond, 1998; Bellwood, 2005;
Montgomery, 2007a; Murphy, 2007; Ponting, 2007). According
to Ruddiman (2005a, 2005b), early human activity, such as for-
est conversion to agricultural land, extensive use of fire, and wet
rice cultivation, resulted in high Green House Gasses emission
(GHGsS), able to alter the earth climate long before industrial
revolution took place.

Agricultural societies had to deal with the need to feed an
growing population and to cope with the increasing complexities
of their societies (Tainter, 1988; Johnson and Earle, 2000). As
populations increased, pressure on the agricultural system led to
reduced soil fertility and threatened its sustainability. Soil ero-
sion led to soil exhaustion (loss of organic matter and its fertility)
that impaired agro-ecosystem resilience, making it difficult to
cope with the effects of climate extremes. Among the practices
that led to the mismanagement of the soil were deforestation,
fires, tillage, short rotation, irrigation (leading to the saliniza-
tion of the soil), and a tendency to adopt monoculture rather
than crop diversity (King, 1911; Carter and Dale, 1974; Tain-
ter, 1988; Hillel, 1991; Diamond, 2005; Montgomery, 2007a;
Ponting, 2007). Carter and Dale (1974) suggested that civiliza-
tions tend to collapsed in about 20 generations, apart from those
relying, for soil fertilization, on river.

In the twentieth century, with the advent of fossil fuels, agri-
culture experienced an incredible boost. Thanks to chemical
fertilizers and pesticides and the availability of other sources
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of energy, this helped to increase crop yields. In addition, the
new high yielding varieties (HYVs) (or high-response varieties)
developed in the 1960s by Norman Borlaug (1914-2009, Nobel
Peace Price in 1970) and colleagues, helped to increase crop
yields (Borlaug, 1970; Conway, 1998). With the “Green Revo-
lution” the productivity of the main agriculture crops increased
up to 4-5 times, helping to cope with the severe food scarcity
and famine hitting many highly populated developing countries
(Conway, 1998; Smil, 2000; Tilman et al., 2001; Pimentel and
Pimentel, 2008). The main characteristics of the HYVs can be
summarized as: having shorter stems than traditional cultivars,
being genetically homogeneous and much more productive un-
der high rates of fertilizers (e.g., synthetic nitrogen). However,
HYVs were also weaker than their traditional relatives and more
prone to pests and diseases (Conway, 1998).

In the last half century, the great abundance of cheap food
(along with medical advances) led to increasing population
growth, and contrary to the hopes of the green revolution, whose
goal was to put an end to hunger, the FAO at present estimates
that 1.02 billion people are hungry and undernourished world-
wide in 2009. This represents more hungry people than at any
time since 1970 (FAO, 2009; UNEP, 2009). When consider-
ing malnutrition in all its facets, it has been estimated that, at
present, about 60% of the world population can be considered
malnourished (Pimentel and Pimentel, 2008). It was Borlaug
himself that warned, in his Nobel lecture, that unless the rate
of human reproduction was curbed, the success of the Green
Revolution would only be ephemeral (Borlaug, 1970). Some
scholars argue, however, that remaining malnutrition is more a
matter of access to food rather than one of insufficient availabil-
ity and that there are additional social-political issues that play
an important role in this problem (Sen, 1982; Conway, 1998;
Smil, 2000; FAO, 2009).

Over the next decades the world’s population is expected
to grow from 6.8 billion in 2008 (medium estimates) to 8.3
billion by the 2030, and to 9.2 billion by the 2050 (Cohen,
2003; UN, 2007; FAQ, 2008; UNEP, 2009). Scenario analysis
indicates a possible stop to population growth by the end of
the century (Lutz et al., 2001, 2004). Other scholars, however,
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remain skeptical (e.g., Hopfenberg and Pimentel, 2001) arguing
that, contrary to the widely held belief that food production
must be increased to feed the growing population, experimental
and correlational data indicate that human population growth
varies as a function of food availability, so that by increasing
food production the effect will be an increase in the human
population.

Recent studies suggest that the world will need 70 to 100%
more food by 2050 (FAO, 2008; World Bank, 2008). So a new
challenge lies ahead: to find a means to feed 9 billion with less
land, water, and energy in the coming decades (Conway, 1998;
Smil, 2000; Tilman at al., 2002; Godfray et al., 2010).

Increasingly, intensive agricultural practices are affecting the
very sustainability of our support system, the soil (Pimentel
et al., 1995; Montgomery, 2007b). Croplands and pastures al-
ready occupy about 50% of the land surface (Foley et al., 2005),
with large effects on biodiversity conservation (Paoletti et al.,
1992; Krebs et al., 1999; Millennium Ecosystem Assessment,
2005). Agriculture accounts for 70% of water used by human
activities (Molden, 2007). The use of agrochemicals is costly
in terms of energy use (Pimentel and Pimentel, 2008), repre-
sents a threat to biodiversity and human life (Lipsitch et al.,
2002; Lyons, 2009; Vitousek et al., 2009; Pimentel, 2010), and
can cause a high level of water pollution (Molden, 2007; Moss,
2008). It is therefore urgent to find more ecological ways of
limiting pests (Altieri and Nicholls, 2004; Gurr et al., 2004; Pi-
mentel and Cilveti, 2007). At the same time, agricultural prac-
tices should reduce both their environmental impact and their
use of non-renewable resources (e.g., fossil fuel energy) (Mil-
lennium Ecosystem Assessment, 2005; Pimentel and Pimentel,
2008).

Vast industrialized agriculture also contributes greatly to
impoverished crop biodiversity, with the loss of a large num-
ber of agricultural species and varieties (Fowler and Hodgkin,
2005). A cultural aspect that may be worth mentioning, is
that when Western agriculture package is transferred to other
continents, it tends to dismiss, or overlook, many sorts of
traditional local resources—such as insects and other arthro-
pods, earthworms, small vertebrates and wild plants (insects
and earthworms, for instance, may total more than 3,000
kg/ha; Pimentel and Pimentel, 2008). These local resources
can play an important role in guaranteeing food security in
poor rural areas, but are often neglected because of the West-
ern perception that these are not “proper food” for people
(Paoletti and Bukkens, 1997; Paoletti, 2005; Ochatt and Jain,
2007).

We are aware that a topic such as agriculture sustainability
is broad and highly complex (Smil, 2000; Giampietro, 2004;
Francis et al., 2006; Bohlen and House, 2009; UNEP, 2009;
NRC, 2010). It includes aspects ranging from ecology to ge-
netics, from agronomy to soil management, from economics to
politics. The point we wish to make with this special issue is to
offer some additional ideas and comments on some issues in the
field of sustainable agriculture.

The first two papers address directly the sustainability issue.

The first paper, “Is there a need for a more sustainable agricul-
ture?” (Gomiero and colleagues), reviews a number of problems
concerning the impact of conventional agriculture on the envi-
ronment and soil, and discusses some theoretical approaches
and techniques that may offer useful strategies for a more sus-
tainable agriculture. The second paper, “Agriculture and social
complexity in ancient societies: Causes, consequences, and im-
plications for sustainability” (Tainter), addresses the relations
between agriculture, society complexification and the pattern
of collapse associated with complex societies. Tainter defines
sustainability as a matter of problem solving and a process
of continuous adaptation. He points out that, paradoxically, as
problems arise, addressing these problems requires “complexi-
fication” of the society and in turn more resources consumption.
Some ideas concerning the possibility to deal with the sustain-
ability issue are presented.

The second pair of papers deals with the use of energy in agri-
culture, and the sector’s dependence on fossil fuels. The paper
by Pimentel, “Food for thought: A review of the role of en-
ergy in current and evolving agriculture,” analyzes the energetic
costs of food production, while the paper by Arizpe-Ramos and
colleagues, “Food security and fossil energy dependence: Anin-
ternational comparison of the use of fossil energy in agriculture
(1991-2003),” reviews global trends in energy consumption in
agriculture.

A third group of papers deals with management issues and
focuses on possible practices for achieving more sustainable
agriculture.

The paper by Francis and Porter, “Ecology in sustainable
agriculture practices and systems,” reviews a humber of prac-
tices that can be employed to improve agricultural efficiency
and sustainability.

Pest control is a key issue in agriculture management, and
pesticide use a major environmental impact. Eckstrom and Ek-
bom, “Pest control in agroecosystems: An ecological approach,”
review the recent achievements in the field of natural pest con-
trol and how this can contribute to reducing the environmental
impact of agriculture.

During recent decades organic farming has achieved wide
attention both from consumers and policy makers because of its
call for promoting an agriculture free from agrochemicals and
based on ecological practices, and for its concern for the preser-
vation of biodiversity. The paper by Gomiero and colleagues,
“Environmental impact of different agricultural management
practices: Conventional vs. organic agriculture,” summarizes
this story and the foundation of the organic movements and
reviews research works assessing the achievement of organic
farming vs. conventional farming for a number of environmen-
tal issues.

Over time, the number of crops and local varieties have dras-
tically reduced in most regions, with the result that fewer plants
and animals now compose the actual base of our food. The
paper “A heuristic framework for identifying multiple ways of
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supporting the conservation and use of traditional crop vari-
eties within the agricultural production system” by Jarvis and
colleagues, addresses this problem and discusses the different
ways of supporting farmers and farming communities in the
maintenance of traditional varieties and crop genetic diversity
within their production systems.

A fourth selection of papers deals with food quality and the
knowledge about the use of semi-domesticated and wild plants.
Whether organically grown crops have more nutritional prop-
ertied then conventional crops is matter of debate. The paper
by Brandt and colleagues, “Agroecosystem management and
nutritional quality of plant foods: The case of organic fruits
and vegetables,” reviews the present knowledge about the nu-
tritional characteristics of organic products. Turner and col-
leagues in “Edible wild and tended plants, traditional ecological
knowledge and agroecology,” explore local knowledge of semi-
domesticated or tended and wild plants and their nutritional as
well as their possible economic role .

The closure of the special issue is provided by Francis and
colleagues with a paper titled “Innovative education in agroecol-
ogy: Experiential learning for a sustainable agriculture,” which
reviews recent experiences in the field of agriculture education.
It is vital that we develop sound agricultural practices, if we
want to have a new generation of scientists able to deal with the
complex field of sustainable agriculture.

We wish to thank all the authors who participated in this
project, as well as the editors of CRPS for their interest and
sensitivity on this vital issue.
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number of alternative agricultural practices are also presented
that can help to make agriculture less environmentally damaging
by reducing the use of natural resources, limiting inputs and pre-
serving soil fertility and biodiversity. We think that there is room
for a different and more ecological agriculture and that research
should be implemented in order to better assess the potential and
constraints of the different options. However, notwithstanding the
great achievements of the“ Green Revolution,” theworId will need
70to 100% morefood by 2050. So a new challenge liesahead: how
to feed nine billion with less land, water and energy, while at the
same time preserving natural resources and soil fertility? Techni-
cal advances areimportant in order to meet the future needs, but
addressing key socioeconomic issues, such asthe ineguality in the
access to resources, population growth, and access to education
are also a priority if wewant to properly deal with sustainability.
It may require our society to change some of its paradigms and
“values’ if wewish to preserve our support system, the soil and its
health, for the future generations.

Keywords sustainable agriculture, agroecology, food security, envi-
ronmental impact, natural resources, multifunctionality,
multi-criteria

I. AGRICULTURE: PRODUCTIVITY VS.
SUSTAINABILITY

In the twentieth century agricultural productivity experienced
an incredible leap forward: fossil fuels became available as a
cheap and (deemed) unlimited energy source, allowing the in-
dustrial production of chemical fertilizers and pesticides, and the
mechanization of agriculture (Smil, 2000; 2004). In the 1970s,
Norman Borlaug (1914-2009, Nobel Peace Prize in 1970) and
colleagues developed new high-yielding wheat varieties (HY'Vs,
termed also high-response varieties), which could benefit from
the availability of these new fertilizers, and boost productivity.
HYV grains had shorter stems than traditional cultivars, were
genetically homogeneous, and were more productive but needed
a higher rate of fertilizer intake (e.g., nitrogen). However, they
resulted in crops more prone to pests and diseases. Even if some
varieties have certain kinds of disease resistance built in, newly
developed synthetic pesticides were necessary to keep pests out
of the crops.

With the “green revolution” (as this period is referred to),
the productivity of the main agriculture crops, on average, more
than doubled and some cereals reached a staggering 4 to 5 times
(Smil, 1991; 2000; Tilman et al., 2002; Pimentel and Pimentel,
2008), helping to meet world food demand and saving hundreds
of millions from starvation. Asia, for example, which was threat-
ened by hunger and mass starvation as late as the mid-1960s, be-
came self-sufficient in staple foods within 20 years even though
its population more than doubled (Hazell and Wood, 2008).

However, along with the increase in food production, popu-
lation levels kept increasing (Cohen, 2003), and paradoxically
this huge boost eventually has not solved the problem of the
hungry world. Late official statistics (WFP, 2008; Fao, 2010)
estimates that in the last years form about 920 to 1,020 million
people were undernourished and chronically hungry (based only

on calorie and protein malnutrition). The real figure, however,
is much larger. When other forms of nutritional deficiency are
included (e.g., those caused by lack of vitamins and minerals),
3.7 billion people can be considered malnourished (FAO, 2008;
UNEP, 2009).

Recent studies suggest that the world will need 70 to 100%
more food by 2050 (World Bank, 2008). So a new challenge
lies ahead: how to feed 9 billion with less land, water, and
energy (Borlaug, 2007; Godfray et al., 2010)? The quest for
higher food production is more active than ever, to the point
that a new “Green Revolution” is persistently called for (e.g.,
Conway, 1997; Borlaug, 2007; Hahlbrock, 2007; Phelan, 2009;
Godfray et al., 2010).

At present, however, malnutrition is more a matter of access
to food rather than one of insufficient availability (Sen, 1982;
Conway, 1997; Smil, 2000; Stone, 2002; Patel, 2008). Hunger is
more a problem of income distribution rather than of food short-
age. Stone (2002, p. 615) states that “The fact that so many go
hungry while the granaries are bursting iswidely recognized in
India.” But even in countries of food plenty, such as the United
States and those in Europe, a larger and larger fraction of poor
people suffer from malnutrition due to food shortage. A sur-
vey of the U.S. Department of Agriculture states that in 2008,
49 million people went without access to sufficient food in the
United States, and more than one in five children went without
enough food during the same year (Nord et al., 2009). This can-
not be attributable to lack of food supply due to low crop yields
in the United States, especially when by 2012, 30% of American
corn production is expected to be devoted to generating ethanol,
accounting for 7.4 % of projected American total gasoline con-
sumption (USGOA, 2007; Koplow and Steenblik, 2008).

This famine tragedy in many developing countries clashes
with the obesity epidemic in the industrialised countries, and
among the newly rich people in developing countries. Accord-
ing to the WHO’s latest projections globally in 2005 approx-
imately 1.6 billion adults (ages 15+) were overweight, and at
least 400 million adults were obese (WHO, 2005). WHO further
projects that by 2015, approximately 2.3 billion adults will be
overweight and more than 700 million will be obese. Obesity is
related to a number of diseases such as different types of can-
cer, kidney problems, and many adverse metabolic effects on
blood pressure, cholesterol, triglycerides, and insulin resistance
among others. This new epidemic is also very costly for the
society, so that consumption of sugary and fatty foods should
be a matter of concern for national health policy (Nestle, 2003).

A vegetarian diet of an equivalent 2,200 kcal per day
requires 33% less fossil energy than the average American diet
with meat (Pimentel and Pimentel, 2008). The Food and Drug
Administration (FDA, 2007) recommends an average daily
consumption of 2,000 kcal for females and 2,500 kcal per day
for males, much less than the average American is consuming
today. Reducing the caloric intake would significantly reduce
the total energy expended for food production as well as help
lessen the obesity problem.
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When coming to the food system, it is disturbing that
30-40% of the food produced in the field is wasted through
the food system; in industrialized countries it is estimated that
15-20% just passes directly from our refrigerators to the bin
(Smil, 2000; Stuart, 2009; Godfray et al., 2010). Food wastage
clashes with the increasing costs of intensive agricultural
practices. Costs are being paid in terms of loss of soil and
fertility, reduction of water supply, threat to biodiversity, and
pollution from agrochemicals (Tilman et al., 2001; 2002;
Jackson et al., 2005; Millennium Ecosystem Assessment, 2005;
Molden, 2007; Vitousek et al., 2009).

All this calls for a time of careful re-evaluation: should we
try to understand how our food system became this perverse?
Why are we pushing for intensive agriculture to produce more
crops, when we throw a lot away? Why has this increased pro-
duction and consumption made us sick and unhealthy? Why do
we accept a food system that impoverishes the soil, threatens
biodiversity, and contaminates our environment?

II. ENVIRONMENTAL COSTS

The huge agriculture productivity boost achieved with the
introduction of modern agriculture did not come without a cost.
The environmental impact of agricultural activity increased too,
and the overall efficiency (as output/input) declined sharply
(Tilman et al., 2001; 2002; Millennium Ecosystem Assessment,
2005; Hazell and Wood, 2008; Pimentel and Pimentel, 2008).

A. Human Appropriation of Net Primary Productivity

Croplands and pastures have become one of the largest ter-
restrial biomes on the planet, rivaling forest cover in extent
and occupying about 50% of the land surface (Foley et al.,
2005). The coming 50 years are likely to be a period of rapidly
expanding, global human environmental impacts. Future agri-
cultural practices will shape, perhaps irreversibly, the surface of
the Earth, including its species, biogeochemistry, and utility to
society (Tilman et al., 2001; Foley et al., 2005).

Vitousek et al. (1986) proposed to use the Human Appro-
priation of Net Primary Productivity (HANPP) as an indicator
of human pressure on the environment. Vitousek et al. (1986;
1997) estimated that until 1700, millions of humans used less
than 5% of nature’s Net Primary Productivity (NPP) while in the
second half of the 1900s, the HANPP already reached 40%. In
2000, it has been estimated that HANNP reached 50% (Haberl
etal., 2002; Imhoff etal., 2004). However, other authors suggest
a wider range. Rojstaczer et al. (2001) estimate that humans ap-
propriate 10 to 55% of terrestrial photosynthesis products, the
broad range reflecting uncertainty in key parameters and making
it difficult to ascertain whether we are approaching crisis levels
in our use of the planet’s resources.

Also, other indicators of sustainability (or better of un-
sustainability) such as the Ecological Footprint (Wackernagel
and Rees, 1996) are telling us that the ecological overshoot has
already reached an alarming stage. Today, humanity uses the

equivalent of 1.3 planets to provide the resources we use and
absorb our waste (Global Footprint Network, 2009), which dra-
matically indicates that humans are already living far beyond
sustainability (Wackernagel et al., 2002). [The Ecological Foot-
print measuring system has been criticized by some scholars
(e.g., van den Bergh and Verbruggen, 1999; Fiala, 2008a) on
the basis that it underestimates the real impact of agricultural
activities on long-term resource sustainability, and presents a
logical flaw in the comparison of consumption levels and earth
biocapacity].

With a human population that will grow from 6.8 billion in
2007 (PRB, 2009) to a staggering figure of 8.3 billion by the
2030 (FAO, 2002) and 9.2 billion in 2050 (UN, 2007a; Godfray
et al., 2010), we have to expect HANPP to further increase just
to keep pace with the production of food and fiber. In addition,
more land will be lost to urbanization, leading to the destruction
of vast areas along with its ecosystems.

B. Soil

Agricultural intensification leads to increasing water use and
loss of soil fertility, threatening long-term crop productivity by
increasing soil degradation and causing water shortages.

About 40% of global croplands may be experiencing some
degree of soil erosion, reduced fertility, or overgrazing (Pimentel
et al., 1995; Wood et al., 2000; Montgomery, 2007; Reynolds
et al., 2007). Soil erosion has been estimated to reduce yields
on about 16% of agricultural land, especially cropland in Africa
and Central America and pastures in Africa (Wood et al., 2000).
Dry land prone to degradation covers about 40% of the earth’s
land surface and is tied with the subsistence of 2.5billion peo-
ple. In such areas agricultural management plays a key role in
guaranteeing fertility conservation (Reynolds et al., 2007).

At present, the accelerated rates of erosion experienced are
causing major modifications to carbon, nitrogen, and phospho-
rus biogeochemical cycles (Vitousek et al., 2009; Quinton et
al., 2010). Resistance of soils to erosion is closely linked to the
stabilizing influence of organic matter and vegetation cover. In
regions such as Asia and Africa, where soil erosion is associated
with reduced vegetation cover, the loss of soil carbon can trig-
ger catastrophic shifts to severely degraded landscapes (Berhe
et al., 2007; Quinton et al., 2010).

Most of the Soil Organic Matter (SOM) is found in the topsoil
(15-25 cm of the A horizon) in the form of decaying leaves
and stem material. SOM is of key importance for soil fertility
(Allison, 1973; Altieri, 1987; Pimentel et al., 1995; Pimentel
and Kounang, 1998; Lal, 2004; Bot, 2005).

The Soil Organic Carbon (SOC) pool to 1 m depth ranges
from 30 tons ha=? in arid climates, to 800 tons ha~* in organic
soils in cold regions, and a predominant range of 50 to 150 tons
ha~! (Lal, 2004). Fertile agricultural soils can contain up to 100
tons of organic matter per hectare (or 4% of the total soil weight),
and in the case of most agricultural soils, SOM represents 1-5%
of topsoil (Russell, 1977). Conventional agricultural practices
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that tend to leave soil uncovered for long periods of the year are
responsible for topsoil erosion and reduction of its SOM content.
Soil removed by either wind or water erosion is 1.3-5.0 times
richer in organic matter than the soil left behind (Barrows and
Kilmer 1963; Allison 1973; Lal, 2004; 2010). About 95% of soil
nitrogen and 25-50% of soil phosphorus are contained in the
SOM-containing topsoil layer (Allison, 1973; Lal, 2010), the
importance of which is such that in one study it was estimated
that the reduction of SOM from 1.4% to 0.9% lowered the grain
yield potential by 50% (Libert, 1995).

When poorly practiced, intensive agriculture poses a threat to
soil ecology in two ways: it accelerates SOM matter oxidation
and depletion, and predisposes soil to increased erosion, leading
to mandatory application of nitrogen fertilizers (Allison, 1973;
Pimentel et al., 1995; Matson et al., 1997; Rasmussen et al.,
1998; Lal, 2004; Montogmey, 2007; NRC, 2010). Agricultural
practices such as no-till agriculture, or minimum tillage, can
help to reduce soil loss and restore soil fertility (Lal, 2004;
2007; 2010; NRC, 2010).

C. Water Resources

Currently, on a global scale, 70% of the 3,800 km?3of water
that humans use is directed towards agriculture, 20% towards
industry and 10% towards urbanized areas (Molden, 2007). By
2050 agricultural water use is expected to increase by 13%
(Molden, 2007).

The production of common crops in many parts of the world
requires a great amount of water, from a few hundreds to a
few thousands times the final crop mass (Pimentel et al., 2004;
Smil, 2002; Molden, 2007; Rockstrom et al., 2007). Estimated
average values range from 0,65 m® kg~ for corn, 1 m® kg~*!
for wheat, 2 m® kg~ for soybeans, up to 6 m® kg~ for pork
and 43 m3 kg~! for beef (Pimentel et al., 2004; Pimentel and
Pimentel, 2008). However, current levels of water productivity
show large variations by commodity: 6.6-0.6 m3 kg~ for rice,
5-1 m3 kg~ for wheat, 3.3-0.5 m® kg~* for corn, 0.33-0.15 m3
kg~*for potatoes, 33-10 m® kg~ for beef (e.g., Molden, 2007,
tab 7.3) The concepts of “virtual water” (Allan, 1998; FAO,
2002; Smil, 2008) and “water footprint” (Khan and Hanjra,
2009; Hoekstra et al., 2009) have been proposed to assess the
real cost of agricultural commodities in terms of water use.

Intensive irrigated agriculture can lead to waterlogging and
salinization. Some irrigated lands have become heavily salin-
ized, causing the worldwide loss of about 1.5 million hectares
of arable land per year, along with an estimated $11 billion in
lost production (Postel, 1999; Wood et al., 2000), as well as the
depletion and chemical contamination of surface and ground-
water supplies (Wood et al., 2000; Pimentel et al., 2004; Moss,
2008). Approximately 40% of U.S. fresh water is deemed unfit
for drinking or recreational use because of contamination by
dangerous microorganisms, pesticides, and fertilizers (Pimentel
et al., 2004).

Agricultural impacts on freshwater and marine systems might
include: effects on water composition (nutrient loss, with conse-
guent eutrophication and food web modification), biocide leach-

ing, suspended loads from soil erosion, hydrological cycle alter-
ation (changed evapotranspiration rates and hence run-off and
modification of river courses and irrigation water losses), effects
of exotic species used, particularly in fish and crustacean cul-
ture, and physical habitat modification (channelization, channel
modification, embankment and drainage) (Mass, 2008).

According to recent analysis, experts report that agricultural
expansion and intensification have altered the quantity and qual-
ity of global water ways, and that these changes have increased
the risk of catastrophic ecosystem regime shifts (Gordon et al.,
2007). For example, during the twentieth century, humans in-
creased the diversion of river water six-fold (Pretty et al., 2006;
Molden et al., 2007).

As water becomes increasingly scarce in certain regions of
the world, it will be important to increase water efficiency in
irrigation and rain-fed agriculture. It is estimated that 2.8 bil-
lion people currently live in areas facing water scarcity, with
agricultural water use expected to increase by 70-90% by 2050,
because of changes in evapotranspiration (Molden et al., 2007).
Increasing water use efficiency is then needed as well as in-
creasing concern about the pattern of our food consumption. In
this regard, above-mentioned indicators such as “virtual water”
and “water footprint” will help assess the effect of human con-
sumption patterns on water use (Molden et al., 2007; Hoekstra
et al., 2009).

D. Agrochemicals

The Haber-Bosh industrial synthesis of ammonia in 1913
(Smil, 2004), and the discovery in 1939 of the insecticidal
qualities of DichloroDiphenyITrichloroethane (DDT) by Swiss
chemist Paul Hermann Miller (Muller, 1948), have revolution-
ized agriculture, and led to the production of cheap synthetic
fertilizers and pesticides. The use of agrochemicals spread in
the United States and Europe after World War 11, following an
exponential trend (Smil, 2004; Pretty, 2005; Vitousek et al.,
2009).

Synthetic fertilizers have been at the core of the green
revolution, but there is awareness that their widespread use can
represent a serious threat for the environment (Smil, 2002; 2004;
Tilman et al., 2002; Dalton and Brand-Hardy, 2003; Beman et
al., 2005; Eickhout et al., 2006; Erisman et al., 2008; Vitousek
et al., 2009). Pre-agricultural terrestrial Nitrogen (N) fixation
has been estimated to have been 150-190 Mt N per year, while,
at present, the aggregate anthropogenic fixation of N amounts
t0 160-170 Mt N per year (Cleveland et al., 1999; Smil, 2004).

Between 1960 and 1995, at a global scale, N fertilizer use
on cereals increased sevenfold, whilst cereal yields more than
doubled; however, N fertilizer efficiency (cereal yields divided
by N fertilizer inputs) declined from over 70 to around 25 kg
grain per kg N (Tilman et al., 2001; Cassman et al., 2002). The
overall global nitrogen use efficiency of cereals decreased from
~80% in 1960 to ~30% in 2000 (Tilman et al., 2001; Erisman
et al., 2008)

Global data for maize, rice, and wheat indicate that only 18%
to 49% of nitrogen applied as fertilizer is taken up by crops; the
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remainder is lost to runoff, leaching, or volatilization (Cassman
etal., 2002). In this case, in order to improve efficiency (both on
energetic and economical bases, because producing synthetic
N requires energy and costs money), and greatly benefit the
environment, a more rational use of fertilizers would suffice.
Actually, some authors demonstrated how N application can
be reduced up to 50% without compromising yield or grain
quality (Madson et al., 1998; Ju et al., 2009; Vitousek et al.,
2009; Ahrens et al., 2010), in turn reducing N losses into the
environment.

It has been estimated that in 2005 approximately 100 Mt N
from the Haber-Bosch process was used in global agriculture:
only 17 Mt N was consumed by humans in crop, dairy and meat
products, the remainder ending up dispersed in the environment
(Erisman et al., 2008)

Eickhout et al. (2006) estimated that NH3, N, O and NO emis-
sions and nitrate leaching to groundwater will grow strongly
towards 2030 because of the intensification of animal and crop
production systems in developing countries. In the light of the
above statements, a more careful and rational use N would be a
win-win solution, being of agronomical, economical, and envi-
ronmental benefit (Erisman et al., 2008; Vitousek et al., 2009).

Widespread use of pesticides on crops has lead to the emer-
gence of many pesticide-resistant pests and pathogens (Hoy,
1998; Pimentel, 1997; Krebs et al., 1999; Johansen, 2003; Pretty,
2005). Concerning pest resistance, some authors argue for the
need to embrace a “mitigation” strategy, contrary to the belief
that we can manage it, such as Integrated Pest Management
(IPM). However, in order for mitigation measures to be effec-
tive, a holistic approach to pest management is needed, requiring
the management of the global environment. As Holy (1998, p.
1799) points out: “An effective paradigm for resistance mitiga-
tion has not yet been widely deployed. This is because we have
failed to accept that satisfactory resistance mitigation is based
on the development of effective, fully integrated multi-tactic
IPM programmes. Such programmes ideally will consider the
entire agroecosystem and acknowledge the role of monitoring,
economic injury levels, biological controls, genetic controls,
cultural controls, and biorational controls such as mating dis-
ruption, insect growth regulators and mass trapping. A key issue
in such programmes should always be whether pesticides can
be used in a precise and selective manner without disrupting
natural enemies. Disruption of natural enemies is not limited
to acute toxicity, but can occur if pesticides arc applied over
a sufficiently large area so that natural enemies are limited in
abundance by available food resources. It is time we recognize,
as Stern et al. (1959) did, that true resistance mitigation requires
a holistic approach to pest management.”

Moreover, pesticides also have a major impact on animal
and human health. The book Slent Spring by Rachel Carson
has been a landmark on this issue, raising public awareness of
the side effects of chemicals that seemed to be a silver bullet
to defeat pests. People can be exposed to excessive pesticide
levels while working; via food, soil, water or air; or by directly

ingesting pesticide products. Pesticides are known to cause 26
million human poisonings per year and 220,000 deaths (Richter,
2000). Along with other synthetic chemicals, some pesticides
have a direct effect on the reproductive system of many high
organisms, acting as endocrine disruptors, and inducing severe
reproductive problems and modifying sexual behavior (Colborn
et al., 1997; Lyons, 2009). Lu et al. (2006) demonstrate that
an organic diet provides a dramatic and immediate protective
effect against exposures to organophosphorus pesticides that are
commonly used in agricultural production, in children who were
most likely exposed to these compounds exclusively through
their diet.

Dietary accumulation through the tropic chain, or biomag-
nification, can cause additional bioaccumulation, resulting in a
thousand-fold increase in toxic substance chemical concentra-
tion s, and in increasing trophic levels in food webs, even at
very low concentrations of the toxic chemicals in the environ-
ment (Kelly et al., 2007).

In the last decades efforts have been produced to reduce
the use of pesticides (Pretty, 2005; Pimentel and Cilveti, 2007;
Ekstrom and Ekbom, this issue).

In both Sweden and Indonesia, for instance, there have been
notable reductions in pesticide use. Sweden has reduced pesti-
cide use by 68% and Indonesia by 65% (Pesticides News, 435,
2001; Pimentel and Cilveti, 2007). Integrated Pest Management
(IPM), a technique that combines biological control, improving
host plant resistance and adopting appropriate farming practices
to minimizing the use of pesticides, is regarded as the best option
for the future (Ekstrém and Ekbom, this issue).

E. Biodiversity

Agricultural expansion has a direct impact on local biodi-
versity through landscape modification which in turn results in
displacement of local populations and loss of ecosystem ser-
vices.

The loss of native habitats and agricultural intensification,
which displaces traditional varieties of seeds with modern
high-yielding, but genetically uniform crops, are threatening
biodiversity (both wild and domesticated) all over the globe
(Wilson, 1988; Paoletti and Pimentel, 1992; Paoletti et al.,
1992; Matson et al., 1997; Pimentel et al., 1997; Krebs et al.,
1999; Wood et al., 2000; Donald et al., 2001; Tilmann et al.,
2001, 2002; Green €t al., 2004; Foley et al., 2005; Jackson
etal., 2005; Millennium Ecosystem Assessment, 2005a;
Chivian and Bernstein, 2008; Sachs et al., 2009). Farming,
including land conversion to farmland, for instance, accounts
for 37% of threats to bird species listed as threatened species
(Green et al., 2005). Extensive industrialized agriculture also
greatly contributes to impoverishing crop biodiversity, with
the loss of a large number of agricultural species and varieties
(Jackson et al., 2005; Fowler and Hodgkin, 2005).

This agricultural expansion threatens the benefit that biodi-
versity provides to crops by, for instance, pest control and other
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environmental services (Paoletti et al., 1992; Sommaggio et al.,
1995; Altieri and Nicholls, 2004; Hillel and Rosenzweig, 2005;
Bianchi et al., 2006; Sachs et al., 2009; Crowder et al., 2010).
Furthermore, land use change has also a direct impact on rising
CO; on global river run-off (Piao et al., 2007).

Aboveground and belowground components of ecosystems
have traditionally been considered in isolation from one another,
but it is now clear that there is strong interplay between them
(Wardle et al., 2004). Many beneficial insects and parasitoids,
for instance, spend most of their lifecycle underground before
being active aboveground on the crops; preserving soil quality
is, then, of foremost importance, so as to take advantage of those
beneficial organisms for control of crop pests (Paoletti and Bres-
san, 1996). Stable litter on topsoil can encourage pests such as
slugs, but can also feed detritivores and polyphagous predators
and parasitoids, which would otherwise damage crops (Paoletti
and Bressan, 1996). It has been reported that removing shelter-
belts in rural settings can cause a loss of litter in topsoil and
this can lead to a shift of feeding habits among some detriti-
vores such as the case of the slater, Australiodillo bifrons, in
NSW, Australia, which is becoming a cereal pest (Paoletti et al.,
2007a; 2007b).

Agriculture intensification, along with the widespread use of
chemicals, is also curtailing the benefits provided by pollinators,
especially bees (Kremen et al., 2002; Biesmeijer et al., 2006;
Klein et al., 2007). This is a critical issue, because although
60% of global production comes from crops that do not depend
on animal pollination, still 35% of crop production depends
on pollinators (5% are unevaluated yet) (Pimentel et al., 1997;
Klein et al., 2007).

F. The Role of Animal Production

Worldwide, an estimated 2 billion people live partly on a
meat-based diet, while an estimated 4 billion people live pri-
marily on a plant-based diet (Pimentel and Pimentel, 2008).

Meat consumption is matter of extensive debate because the
environmental impact of livestock is enormous (Rifkin, 1992;
Rosegrant et al., 1999, Smil, 2000, 2002; Brown, 2005; Naylor
et al., 2005; FAO, 2006; Fiala, 2008b; Pimentel and Pimentel,
2008; Stokstad, 2010).

It has been estimated that if the world’s population today
were to eat a Western diet of roughly 80 kg meat per capita per
year, the global agricultural land required for production would
be about 2.5 billion hectares, two-thirds more than is presently
used (Smil, 2002; Keyzr et al., 2005; Naylor et al., 2005). FAO
(2006) estimates that global production of meat and milk will
more than double in 2050, with meat rising from 229 million
tonnes in 1999/2001 to 465 million tonnes in 2050, and milk
from 580 to 1043 million tonnes in the same period.

Livestock production accounts for 70% of all agricultural
land and 30% of the land surface of the planet (FAO, 2006).
Expansion of livestock production is a key factor in deforesta-
tion, especially in Latin America where the greatest amount of

deforestation is occurring; 70% of previous forested land in the
Amazon is occupied by pastures, and feed crops cover a large
part of the remainder. In the United States, with the world’s
fourth largest land area, livestock are responsible for an esti-
mated 55% of erosion and sediment, 37% of pesticide use, 50%
of antibiotic use, and 30% of of the high amount nitrogen and
phosphorus contaminating freshwater ecosystems (FAQO, 2006;
Stokstad, 2010).

FAO (2006) estimates that in 2002 a total of 670 million
tonnes of cereals were fed to livestock, representing about 30%
of the global cereal harvest. According to Brown (2005), while
the consumption of animal protein has grown, that share of the
world grain harvest used for livestock feed has remained at about
37%. Among the cereals, FAO (2006) estimates that more than
60% of maize and barley is used mainly as feed. In addition 350
million tonnes of protein-rich processing by-products are used
as feed (mainly brans, oilcakes and fishmeal). More than 97%
of the soymeal produced globally is also fed to livestock (FAO,
2006). According to Smil (2002), in 1900 just over 10% of the
world’s grain harvest was fed to animals, most of it going to
energize the field work of draft animals rather than to produce
meat while in the late 1990s it surpassed 40%, and in the United
States it reached 60% in the late 1990s.

In the United States as a whole, about 300 million hectares are
in pasture and about 30 million hectares are in cultivated grains
for livestock production (USDA, 2007). In addition, to large
amount of forage that are unsuitable for human consumption and
are fed to livestock, about 323 million tons of grains, or about
816 kg per American are fed to American livestock (USDA,
2007).

It has to be stressed that typical efficiencies of protein pro-
duction via animal feeding are very wasteful: at least 80% and
as much as 96% of all protein in cereal and leguminous grains
fed to animals are not converted to edible protein (Smil, 2000,
2002).

Increasing meat consumption would also put significant pres-
sure on water resources. An estimated 2.5-10 times more energy
is required to produce the same amount of calorie energy and
protein from livestock than grain (Smil, 2000; Molden, 2007;
Pimentel and Pimentel, 2008). Meeting daily nutritional en-
ergy needs would also require much higher water consumption
because meat production requires 4,000-15,000 | kg™, while
grain production just 1,000-2,000 | kg~

Rockstrom et al. (2007) estimated water requirement per
energy unit at 0.47 m3 1,000 kcal~* for cereals and 4 m® 1,000
kcal~! for meat.

Intensive livestock production has created problems of ma-
nure disposal and water pollution, as well as greatly contribut-
ing to GHGs emissions (Subak 1999; FAO, 2006; Pimentel
and Pimentel, 2008; Koneswaran and Nierenberg, 2008). Subak
(1999) estimated that the social costs of the feedlot system for
beef production at 15 kg CO, equivalent kg~* beef are more
than double that of the pastoralist system. According to esti-
mates from FAO (2006), the amount of fossil fuels burned varies
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depending on the species and type of animal product. For exam-
ple, processing 1 kg of beef requires 4.37 megajoules (MJ), or
1.21 kilowatt-hours, and processing 1 dozen eggs requires > 6
MJ, or 1.66 kilowatt-hours. When considering the entire com-
modity chain, livestock production is estimated to release every
year in the atmosphere 6,5 billions of CO, -equivalent GHGs,
accounting for 18% of GHGs emissions, a bigger share than
that of transport (FAO, 2006; Fiala, 2008b) and less than only
energy production [according to Fiala (2008b), GHGs emission
from human activities are: Energy production 21%; Livestock
production 18%; Transportation 14%,; Fossil fuel retrieval 12%;
Agriculture 12%; Residential 10%; Manufacturing 7%; Land
use 4%; Waste disposal and treatment 3%].

In intensive animal production, drugs are often used to speed
up fattening and milk production. The use of antibiotics as
growth promoters destroys or inhibits bacterial populations.

In the United States (the practice is prohibited in European
Union), the injection of bovine growth hormone (BGH) into
dairy cattle is reported to increase milk production from10% to
15% in dairy cows (Capper et al., 2008), but its effect on human
health are still debated.

The high animal stocking rate, together with the high amount
of milk production in cows, forces farmers to use antibiotics to
lower the risk of epidemics spreading among animals. Livestock
in the United States, for instance, are treated with 8 times more
antibiotics than the human population (Pimentel and Pimentel,
2008). Such a large use of antibiotics in agriculture poses a
threat to human health because it induces the spread of resis-
tance in pathogens and has been a central issue in the medical
field for decades (Cohen, 1992; Vaquero and Blazquez, 1997;
FAOQ, 2005; Lipsitch et al., 2002; Smith et al., 2005). In the
United States 70% to 80% of the antibiotics are used in live-
stock production, causing an estimated death of 5,000 people
each year (Pimentel, 2010).

In order to work for a more sustainable agriculture, major
actions should be taken concerning animal production and meat
consumption in our diets, as it directly affects our impact on
the planet and its resources, as well as our health (Subak, 1999;
Smil, 2000, 2002; FAO, 2006; Baroni et al., 2007; McMichael
et al., 2007; Fiala, 2008b; Pimentel and Pimentel, 2008).

The matter, however, is far from simple and reducing meat
consumption with the view to make cereals more available and
cheaper for poor people may not be easily accomplished given
the current social expectations. Some scholars (e.g, Rosegrant
et al., 1999; Stokstad, 2010), for instance, argue that when the
farmers produce less meat, demand for corn and soy drops and
the grains become more affordable. That may be good for people
in the parts of Africa and Latin America where corn is a dietary
staple. But people in many developing countries, particularly in
Asia, eat rice and wheat as staple food, rather than corn. So, if
consumers in developed countries replace meat with pasta and
bread, world wheat prices may rise and that may increase malnu-
trition in developing countries that rely on wheat, such as India.
The use of mini-livestock can be less resource-consuming, and

if properly managed could represent an alternative to the cur-
rent livestock production system, especially in tropical countries
(Paoletti, 2005; Ochatt and Jain, 2007).

G. Concern for the Future

As pointed out by Foley et al. (2005, pp. 570-571) “In
short, modern agricultural land use practices may be trading
short-term increases in food production for long-term losses, in
ecosystem services, including many that are important to agri-
culture.” Such an impact, however, although too often neglected
in the accounting system, when properly assessed turns out to
be very costly for society (e.g., Pimentel et al., 1995; Pimentel,
1997; Buttel, 2003; Pretty et al., 2000; 2003; McCandless et al.,
2008). Policies aimed at internalizing agricultural externalities
would much benefit both resource allocation and natural
resource conservation. If the impact of agriculture practices on
the soil and the environment cannot be mitigated, in the long run
we may pose a serious threat to our living support system and
to the food security of a large part of humanity. More research
should be carried out in order to improve the efficiency of
agricultural systems and reduce their impact on the environment
and on natural resources. As stated by NRC (2010) in the case of
American agriculture, for instance, only one-third of public re-
search spending is devoted to exploring environmental, natural
resource, social, and economic aspects of farming practices.

Agriculture should also aim to guarantee food security for
people. As stated by FAO (2008), food security is defined as a
state when “all people, at all times, have physical and economic
access to sufficient, safe and nutritious food for a healthy and
active life.” So, in order to guarantee food security to humanity
we have to be concerned with the health of earth’s natural re-
sources, soil fertility to start with. The World Bank in its World
Development Report (2008) indicates the urgency of dealing
with climate change, and highlights the fact that “Poor peo-
ple who depend on agriculture are most vulnerable to climate
change.” (World Bank, 2008, p. 17).

According to UNEP (2009) up to 25% of the world’s food
production may become lost due to environmental breakdown by
2050 unless action is taken. And action is even more urgent when
the possible effects of climate change are taken into account:
these are likely to hit billions of people in developing countries,
mostly those already suffering for food shortages (Parry et al.,
2007; FAO, 2008; Lobell et al., 2008; UNEP, 2009; Barrett,
2010; Godfray et al., 2010).

Of course, it would be naive to believe that our environmental
concern is all that matters. We cannot dismiss the importance
of social and economic forces as constraints and driving forces
affecting food security, such as: access to food (Sen, 1982; Dréze
and Sen, 1989), population dynamics (Smil, 1991, 2000; Hardin,
1993; Cohen, 2003), market forces (Patel, 2008), agriculture
research (Smil, 2000; Pardey et al., 2006; Alston et al., 2009),
access to credit (Yunus, 2009), subsidies and commodity price
distortion (Peterson, 2009; Anderson et al., 2010), availability
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of natural resources (Tilman et al., 2002; Pimentel and Pimentel,
2008; Smil, 2008; UNEP, 2009), production lost in post harvest
storage and management (Smil, 2000; PHLIS, 2010).

Ill.  THE CALL FOR SUSTAINABILITY IN AGRICULTURE

The definition of “sustainable agriculture,” in its modern ap-
proach, can be traced back to the United States in the early
1980s, indicating a way of farming that should mimic natural
ecosystems. Within the domain of sustainable agriculture fall
some other definitions and practices such as agroecology, inte-
grated agriculture, low input, precision agriculture and organic
agriculture (Pretty, 2008). In the last decades, in order to face
the challenge to feed 9 billion people by 2050, a concept called
“sustainable intensification” has been discussed, meaning pro-
ducing more food from the same area of land while reducing
the environmental impacts (Pretty, 2002; 2008; Royal Society
of London, 2009; Godfray et al., 2010).

A. Development and Goals of Sustainable Agriculture

The conceptual setting for the definition of sustainable agri-
culture has been posed by Wes Jackson who is credited to have
been the first to use the term “sustainable agriculture” in his pub-
lication New Roots for Agriculture in 1980 (Harwood, 1990;
Kirschenmann, 2004). In a 1983 paper, Rodale proposed the
concept of “regenerative agriculture” referring to the need for
an agriculture based on the principle of ecological interactions
(Harwood, 1990).

The term “sustainable agriculture” did not emerge in pop-
ular usage until the late 1980s. Sustainable agriculture must,
as defined by the U.S. Department of Agriculture in the 1990
Farm Bill: “... over the long term, satisfy human needs, enhance
environmental quality and natural resource base, make the most
efficient use of nonrenewable resources and integrate natural
biological processes, sustain economic viability, and enhance
quality of life.” (USDA, 1990). The early idea of a sustain-
able agriculture was for a farming system that mimics natural
ecosystems (e.g., Jackson, 1980; Soule and Piper, 1991; Scherr
and McNeely, 2007). We remember also the lesson of Eugene
P. Odum (one of the fathers of modern ecology), who in his
talks and books made the point that American agriculture has
to mimic native forests and prairies to become more sustainable
(Odum, 1993). Over time, nature tends to establish more di-
versity than humans do with most of their agricultural systems.
In a productive hectare of agricultural land there may be tens
of thousands of species of organisms that weigh up to 10 tons
(Lavelle and Spain, 2002; Pimentel, 2006). Thus, agriculture,
when properly managed, still can preserve a great deal of biodi-
versity. Lately the term “ecoagriculture” has also been proposed
(e.g., Scherr and McNeely, 2007).

Sustainable agriculture should aim at: preserving the natural
resource base, especially soil and water, relying on minimum
artificial inputs from outside the farm system, recovering from
the disturbances caused by cultivation and harvest while at the

same time being economically and socially viable (Poincelot,
1986; Altieri, 1987; Edwards et al., 1990; Soule and Piper,
1991; Dunlap et al., 1992; Francis et al., 2006; Pimentel et
al., 2005; Gliessman, 2007). Sustainable agriculture does not
refer to a prescribed set of practices and it differs from organic
agriculture because, in sustainable agriculture, agrochemicals
(synthetic fertilizers and pesticides) may or may not still play
a role. However, their use is kept to a minimum or not used
at all, and conservative practices (crop rotation, integrated pest
management, natural fertilization methods, minimum tillage,
biological control) are fully integrated in farm management.

As summarized by Pretty (2008, p. 451) the key principles
for sustainability can be summarized as:

(i) integrate biological and ecological processes such as nutri-
ent cycling, nitrogen fixation, soil regeneration, allelopa-
thy, competition, predation and parasitism into food pro-
duction processes,

(if) minimize the use of those non-renewable inputs that cause
harm to the environment or to the health of farmers and
consumers,

(iii) make productive use of the knowledge and skills of farmers,
thus improving their self-reliance and substituting human
capital for costly external inputs, and

(iv) make productive use of people’s collective capacities to
work together to solve common agricultural and natural
resource problems, such as for pest, watershed, irrigation,
forest and credit management.

According to many authors there is much room for improve-
ment toward a more sustainable agriculture, both in developed
and developing countries (Smil, 2000; Altieri, 2002; Cassman
et al., 2002; Jackson, 2002; Pimentel et al., 2005; Jordan et
al., 2007; Pretty, 2008; Bohlen and House, 2009; Glover et al.,
2010a). Recent research in the United States, for instance, has
demonstrated that organic production of the two most important
crops (corn and soybeans) can be produced without commercial
nitrogen, without soil erosion, without insecticides or herbicides
and with 30% less fossil energy (Pimentel et al., 2005). The corn
and soybean yields were equal to yields using conventional pro-
duction methods.

B. Assessing Sustainability: A Complex Issue

For sustainable agriculture, the major challenges to be ad-
dressed are (Lowrance et al., 1986; Conway, 1987; Hansen,
1996; McConnell and Dillon, 1997; Bland, 1999; Ruttan, 1999;
Kropff et al., 2001; von Wirén-Lehr, 2001; Altieri, 2002; Lopez-
Ridaura et al., 2002; Pretty, 2002; Giampietro, 2004; Gomiero
et al., 2006; Bland and Bell, 2007; Jordan et al., 2007; Bohlen
and House, 2009):

o The multifunctional nature of agriculture (not only pro-
ducing commodities, but also preserving the health of
ecosystems, consumers and rural communities),
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o The multi-scale nature of the complex network of rela-
tions among ecosystems and socioeconomic systems,
which requires considering simultaneously different
but relevant dynamics operating at different hierarchi-
cal levels.

However, as already noted by some authors (e.g., Lowrance
et al., 1986; Hansen, 1996; Park and Seaton, 1996; Giampietro,
2004; Sydorovych and Wossink, 2008), sustainable agriculture
means many things to different people, and definitions abound.
Goldman (1995), lists fourteen definitions of sustainability in the
field of agriculture, and argues, for instance, that the concepts of
sustainable agriculture are based mainly on the experiences and
norms of western industrial nations and may not be appropri-
ate to sub-Saharan Africa and other developing regions. Beets
(1990, p. 723), for instance, referring to subsistence agriculture
state that sustainable agriculture is: “The ability of a system
to maintain productivity in spite of a major disturbance, such
as caused by intensive stress or a large perturbation,” and that
perfectly fits the needs of subsistence farmers.

What is “sustainable” may be also culture-oriented. For in-
stance, when the Western agriculture package is transferred to
other continents, it tends to dismiss, or overlook, many sorts
of traditional local resources — such as insects and other arthro-
pods, earthworms, small vertebrates and wild plants (insects and
earthworms, for instance, may total more than 3,000 kg/ha; Pi-
mentel and Pimentel, 2008). These local resources can play an
important role in guaranteeing food security in poor rural areas,
but are often neglected because of the Western perception that
these are not “proper food” for people (Paoletti and Bukkens,
1997; Paoletti, 2005; Ochatt and Jain, 2007).

Being a complex issue, “sustainability” depends on the per-
spective taken when looking at the system. This lead to some
key considerations when attempting sustainability assessment
(Giampietro, 2004; Gomiero et al., 2006):

o Farming systems are not steady-state systems but
highly adaptable and evolving systems (ceteris are
never paribus),

» Any representation of these systems depends on a set
of choices made by the observer when framing the
identity of what is observed,

« It is impossible to reach the best/optimal solution to
a problem of sustainability, we should address the is-
sue of “sustainable/optimal for whom and in which
sense,” as there is no solution that optimizes all the
possible criteria of performance for all the relevant
actors (who decides who are the relevant actors and
how?),

o Any assessment implying a value judgment (such as
good or bad) cannot be made by the application of
an algorithm within an optimization protocol. Rather,
value judgments must be made within a participatory
process of multi-criterial assessment,

» When dealing with participatory processes of multi-
criterial assessment, it is crucial to be able to guarantee
not only the quality of the scientific analysis used for
characterizing options and scenarios, but also the qual-
ity of the process of participatory assessment itself.

This implies that an adequate representation of a farming sys-
tem requires a multi-dimensional, or multi-criterial, approach, in
which many dimensions (e.g., economic, environmental, social,
cultural dimension), and many levels of analysis (e.g., farm-
ers, consumers, governments, international agreements) have to
be simultaneously taken into account. This is what can be de-
fined also as “Integrated Assessment” as defined by Rotmans
and van Asselt (1996, p. 327): “an interdisciplinary and par-
ticipatory process combining, interpreting and communicating
knowledge from diverse scientific disciplines to allow a better
understanding of complex phenomena” Beddoe et al. (2009)
discuss even the need to redefine the very institutional structure
of society in view to meet the call for sustainability.

Because of its complex, multi-dimensional nature, it is
widely recognized that assessing farming systems and agricul-
tural sustainability requires to embrace a number of different
scales, criteria and sets of indicators. Such a complex approach
has been developed both theoretically (e.g., Lowrance et al.,
1986; Ikerd, 1993; Wolf and Allen, 1995; Bland, 1999; Morris
and Winter, 1999; Kropff et al., 2001; von Wirén-Lehr, 2001;
Piorr, 2003; Giampietro, 2004; Gomiero et al., 2006; Verburg
et al., 2006; van Cauwenbergh et al., 2007; Sydorovych and
Wossink, 2008), as well as applied in a number of case stud-
ies both in developed and developing countries (e.g., Beets,
1990; McConnell and Dillon, 1997; Gomiero etal., 1997; Beinat
and Nijkamp, 1998; Giampietro and Pastore, 1999; Gliessman,
2000; Gomiero and Giampietro, 2001; Lopez-Ridaura et al.,
2002; Giampietro and Ulgiati, 2005; Gafsi et al., 2006; More
et al., 2007; Groot et al., 2007; Janssen and van Ittersum, 2007;
van Ittersum et al., 2008). The interested reader could refer to
Collinson (2000) for a history of farming systems research.

NRC (2010, p. 528) argues that: “To pursue systemic changes
in farming systems, research and development have to address
multiple dimensions of sustainability (productivity, and envi-
ronmental, economic, and social sustainability) and to explore
agroecosystem properties, such as complex cropping rotations,
integrated crop and livestock production, and enhanced reliance
on ecological processes to manage pests, weeds, and diseases
(recognizing their interconnectedness and interactions with the
environment), that could make systems robust and resilient over
time.”

IV. POSSIBLE ACTIONS TOWARDS A MORE
SUSTAINABLE AGRICULTURE
There is an urge to develop more ecological agriculture prac-
tices able to preserve soil fertility, reduce the consumption
of nonrenewable natural resources and integrated with local
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biodiversity and landscape. The Millennium Ecosystem As-
sessment (2005) recommended the promotion of agricultural
methods that increase food production without harmful trade-
offs from soil erosion, excessive use of water, nutrients, or
pesticides. FAO (2002; 2003; 2004) also stressed the need to
reduce the environmental impact of agriculture practice as it
poses a risk to the sustainability of agriculture and food security
itself.

In the last decades, a number of different philosophical ap-
proaches to agriculture management and novel agronomic tech-
niques have been proposed and implemented in order to meet
the demand for a more sustainable agriculture. Here we list the
main approaches in alphabetic order.

A. Agroecology

The use of the term agroecology can be traced back to the
1930s (Wezel et al., 2009), and by the 1980s had reached a
broad diffusion. The scales and dimensions of agroecological
investigations changed over the past 80 years from the plot and
field scale to the farm and agroecosystem scale.

In the 1980s some scholars argued that in order to move
towards a more sustainable agriculture a whole-farm holistic
approach needed to be embraced. Such an approach stands at
the basis of the science of agroecology (Altieri at al., 1983;
Altieri, 1987; 2002; Conway, 1987; Gliessman, 1990). As de-
fined by Altieri (2002, p. 8, bold in original) “Agro-ecosystems
are communities of plants and animals interacting with their
physical and chemical environments that have been modified
by people to produce food, fiber, fuel and other products for
human consumption and processing. Agro-ecology is the holis-
tic study of agro-ecosystems including all the environmen-
tal and human elements. It focuses on the form, dynamics
and functions of their interrelationship and the processes in
which they are involved.” Lately the term agroecology has been
used to in include the agrifood system (see Francis et al. this
issue).

The new concept and approach found wide audience among
scholars, and established agroecology as a respected scientific
field in its own right (Paoletti et al., 1989; Carrol et al., 1990;
Altieri, 2002; Francis et al., 2003; Altieri and Nicholls, 2004;
Giampietro, 2004; Wojtkowski, 2006; Gliessman, 2007; Bohlen
and House, 2009; Wezel and Soldat, 2009; Wezel et al., 2009).

According to Wezel et al. (2009), three approaches can be
distinguished: (1) investigations at plot and field scale, (2) in-
vestigations at the agroecosystem and farm scale, and (3) inves-
tigations covering the whole food system.

In order to properly study agroecosystem functioning and
management, integrated scale analysis has to be performed
along with the multiple scales and dimensions of agrosys-
tems (Conway, 1987; Lowrance et al., 1986; McConnell
and Dillon, 1997; Gomiero et al., 1997; 2006; Bland, 1999;
Kropff et al., 2001; Altieri, 2002; Lopez-Ridaura et al., 2002;
Giampietro, 2004; Bland and Bell, 2007; Vadrevu et al.,
2008).

B. Agriculture Intensification

With world food demand doubling by 2050, how to preserve
natural habitats will become a critical challenge. Two com-
peting solutions are proposed: (1) a wildlife-friendly farming,
which boosts densities of wild populationson farmland but may
decrease agricultural yields; and (2) land sparing, which min-
imizes demand for farmland by increasing yield by improving
crop efficiency (Trewavas, 2001; Pretty, 2002; 2008; Tilman et
al., 2002; Cassman et al., 2003; Green et al., 2004; Burney et al.,
2010). The term “eco-efficiency” has been used by some schol-
ars (Groot et al., 2007; Wilkins, 2008; Keating et al., 2010; Lal,
2010) to address the interrelationships and trade-offs among a
host of production, conservation, economic, and social values
at landscape scale.

Some authors (e.g., Cassman et al., 2003) warn that although
harvested cereal production area has remained relatively con-
stant during the past 20 years, evidence of yield stagnation in
several major cropping systems will make it increasingly diffi-
cultto sustain increases in food production without an expansion
in cultivated areas. They conclude that increased nitrogen use
and water use efficiency, and improved soil quality, are key
factors in order to avoid expansion of cultivation into natural
ecosystems, while meeting human needs. However, such an is-
sue is very complex and simple models, which, for instance,
claim that technological advance can lead to sparing land has
been proved untrue in a number of cases (Garcia-Barrios et al.,
2009; Perfecto and Vandermeer, 2010). Perfecto and Vander-
meer (2010), for instance, in the case of tropical agriculture and
forest conservation, claim that social context makes a difference
in the direction as well as the degree of impact of agricultural
intensification on deforestation.

However, whether increasing agriculture intensity (crops
yield) results in a reduction of cultivated land is a matter of
debate, as some authors do not find any correlation between
agriculture intensification and sparing land (e.g., Ewers et al.,
2009; Rudel et al., 2009). Ewers et al. (2009), for instance,
argue that in developing countries there is a tendency for the
area used to grow crops other than staples to increase in the
countries where staple crop yields increased. There remained a
weak tendency in developing countries for the per capita area of
all cropland to decline as staple crop yield increased, a pattern
that was most evident in developing countries with the high-
est per capita food supplies. In developed countries, there was
no evidence that higher staple crop yields were associated with
decreases in per capita cropland area.

C. Integrated Agriculture

Integrated agriculture is a farming method that combines
management practices from conventional and organic agricul-
ture. As an example, animal manure may be used instead
of chemical fertilizer when possible. Pest management (inte-
grated pest management) is carried on combining several meth-
ods: using crop rotation, the release of parasitoids, cultivating
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pest-resistant varieties, and using various physical techniques,
leaving pesticides as the last resort (Edens, 1984; Poincelot,
1986; Pimentel, 1997; Mason, 2003; Pretty, 2005; Altieri and
Nicholls, 2004; Francis et al., 2006).

Weeds can be managed through tillage and cultivation prac-
tices, using competitive cultivars, crop diversification and other
factors can be used to reduce weed germination, growth, com-
petitive ability, reproduction, and dispersal. Introducing arthro-
pod and microbial biocontrol agents can also be successfully
employed (Altieri, 1987; Pimentel, 1997; Liebman et al., 2001;
Lampkin, 2002; Gliessman, 2007). Integrated agriculture is not
governed by specific regulations but its goal is still to reduce as
much as possible both farm management costs and its environ-
mental impact, aiming at the long term sustainability of farming
practices.

D. Organic Agriculture

A different alternative to sustainable agriculture has been
proposed and implemented by the organic agriculture move-
ment. Although sustainable agriculture practices are adopted
by an increasing number of farmers only organic agriculture is
regulated by laws and needs to strictly follow a specific set of
norms. Such norms, among other, forbid the use of agrochem-
icals and strictly regulate the use of drugs in animal rearing;
they also forbid the use of GMO. Because of this topic will be
widely dealt with in a specific paper in this issue (see Gomiero
et al., this issue), in this section we will give just a very brief
introduction.

The organic movement appeared in Europe in the 1920s and
in the United States in the 1940s representing farmers and citi-
zens refusing the use of agrochemicals, and willing to persevere
with traditional agricultural practices (Conford, 2001; Lotter,
2003; Lockeretz, 2007). The organic movement has national
and international representatives. The International Federation
of Organic Agriculture Movements (IFOAM), is based in Bonn,
Germany (http://www.ifoam.org/).

Organic agriculture has been officially recognized by the Eu-
ropean Union in 1991 and by the America federal government
in 1995. Internationally, the Codex Commission approved the
Codex Guidelines for plant production in June 1999, followed
by animal production in July 2001. The Codex Alimentarius
Commission at point 5 states that: “Organic Agriculture is one
among the broad spectrum of methodologies which are sup-
portive of the environment. Organic production systems are
based on specific and precise standards of production which
aim at achieving optimal agroecosystems which are socially,
ecologically and economically sustainable.” (Codex Alimenta-
rius, 2004, p. 4).

Organic agriculture other than crops productivity aims
at preserving soil fertility, reducing soil erosion, conserv-
ing water, biodiversity, landscape, ecological functionality,
and reducing global change (Reganold et al., 1987; FAO,
2002; 2004; Méader et al., 2002; Pimentel et al., 2005;

Kristiansen et al., 2006; Niggli et al., 2009; Crowder et al.,
2010).

Organic agriculture can represent a valuable option in order
to work for a more sustainable agriculture, and deserves wide
experimentation to fully explore and understand its potentialities
as well as constraints and limitations.

E. Permaculture

Mollison and Holmgren, in their book Permaculture One:
A Perennial Agriculture for Human Settlements (Mollison and
Holmgren, 1978) coined the term “permaculture”, a contraction
of “permanent agriculture.” Permaculture puts the emphasis on
management design and on the integration of the elements in
a landscape, considering the evolution of landscape over time.
The goal of permaculture is to produce an efficient, low-input
integrated culture of plants, animals, people and structure, and
integration that is applied at all scales from home garden to large
farm (see also http://www.permaculture-info.co.uk/). However,
one problem with permaculture is that biomass from surround-
ing areas is used to fertilize the permaculture areas. Thus, this
is depleting resources in the surrounding areas.

F. Precision Agriculture

Precision agriculture (also known as “precision farming,”
“site-specific crop management,” “prescription farming,”and
“variable rate technology”) has developed since the 1990s, and
refers to agricultural management systems carefully tailoring
soil and crop management to fit the different conditions found
in each field. Precision agriculture is an information and tech-
nology based agricultural management system (e.g., using re-
mote sensing, geographic information systems, global position-
ing systems and robotics) to identify, analyze and manage site-
soil spatial and temporal variability within fields for optimum
profitability, sustainability, and protection of the environment
(Lowenberg-DeBoer, 1996; National Research Council, 1998;
Srinivasan, 2006; Gebbers and Adamchuk, 2010). Precision
agriculture is now taught in many universities around the world
(see for instance http://precision.agri.umn.edu/links.shtml).

G. Perennial Crops

Because of the dramatic consequences of plowing on soil
conservation, in the United States since the 1980s some authors
(Jackson, 1980; 2002; Soule and Piper, 1991; Glover, 2005;
Glover et al., 2007, 2010a; 2010b) began suggesting to move
from an agriculture based on annual crops to an agriculture rely-
ing on the cultivation of perennial crops, so that the detrimental
effect of soil tillage and agrochemical usage could be avoided
or at least greatly reduced.

Perennial crops [e.g., Intermediate wheatgrass (Thinopyrum
intermedium) and other perennial Th. species, Maximilian sun-
flower (Helianthus maximiliani), Illinois bundleflower (Des-
manthusillinoensis) and Flax (a perennial species of the Linum
genus)] have been proposed in order to reduce nitrogen loss
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and improve soil conservation. Perennial crops, with their roots
exceeding depths of two meters, can improve ecosystem func-
tions, such as water conservation, nitrogen cycling and carbon
sequestration; more than 50% when compared to conventional
crops. Perennial crops are reported to be 50 times more effective
than annual crops in maintaining topsoil, reduce N losses from
30 to 50 times, and store about 300 up to 1,100 kg C/ha per year
compare to 0 to 300-400 kg C/ha per year as do annual crops.
It is believed they could help restrain climate change (Cassman
etal., 2002; Cox et al., 2005; Glover etal., 2007; 2010a; 2010b).

Management costs are also reduced because perennial crops
do not need to be replanted every year, so they require fewer
passes of farm machinery and fewer inputs of pesticides and
fertilizers as well, which reduces fossil-fuel use. Glover et al.
(2007) report that herbicide costs for annual crop production
may be 4 to 8.5 times the herbicide costs for perennial crop
production, so fewer inputs in perennial systems mean lower
cash expenditures for the farmer.

Perennial crops are predicted to better adapt to temperature
increases as the magnitude predicted by most climate-change
models. Cassman et al. (2002) report that increases of 3 to 8
degrees Celsius are predicted to increase yields of switchgrass
(Panicum virgatum), a perennial forage and energy crop, by
5,000 kg per ha, whereas for annual species yields are predicted
to decline (e.g., maize, —1,500 kg per ha; soy-bean, -800 kg per
ha; sorghum, -1000 kg per ha).

H. Transgenic Technology

Technological advancements in the field of genetics have
made it possible to manipulate gene expression and operate
gene transfers from an organism to another. Such possibility
opened the doors for a wide number of practical applications,
mainly in medicine and agriculture.

It is beyond the scope of the present paper to provide a re-
view of genetic engineering in agriculture and related debates on
social, political and ethical issues (e.g., patenting life and intel-
lectual property rights, biopiracy, biosafaty and the precaution-
ary principle). However, because of its relevance on agriculture
sustainability we wish to briefly introduce the topic.

Genetic Modified Organism (GMO) or Transgenic Organ-
isms (TO) are considered by many a chance to meet the food
demand while at the same time preserving the environment and
limiting agriculture environmental impact. According to many
authors GMOs can represent a new “green revolution”, espe-
cially for developing countries facing food scarcity, as they
could be able to boost agriculture productivity and cope with
new environmental challenges, such as climate change and soil
exhaustion, while at the same time benefiting the conservation of
natural resources (Conway, 1997; Ejeta, 2010; Enserink, 2010;
Fedoroff et al., 2010; Gilbert, 2010).

Crops, could, for instance, be engineered to resist pest, im-
prove water use efficiency, cope with drought or salty soil, self
fix N, or to produce more or novel important nutritional elements

(e.g., the case of golden rice, Enserink, 2010) (Conway, 1997,
Chrispeels and Sadava, 2002; Hails, 2002; Hahlbrock, 2007;
Murphy, 2007; Ferry and Gatehouse, 2009; Royal Society of
London, 2009; Fedoroff et al., 2010; Gilbert, 2010; Pennisi,
2010; Tester and Langridge, 2010).

In Bt corn, atoxin-encoding gene from the bacterium Bacillus
thuringiensishas been successfully transferred to corn to defend
it from stem borer (Ostrinia nubilalis), a major corn pest. Crops
can also be engineered to be resistant to herbicides; in this way
weeds can be reduced without affecting crops. Such is that case,
for instance, of soybean tolerant to the herbicide Round Up®.
About 90% of U.S. corn and soybeans are herbicide tolerant [in
the United States, since the introduction of herbicide-tolerant
plants, the use of herbicides has been reported to be increasing
(Benbrook, 2009), and the excessive use of herbicides can have
a negative impacts on the environment].

According to the International Service for the Acquisition
of Agri-biotech Applications (ISAAA, 2010), the use of plant
transgenics is the fasted adopted crop technology: in 2009 there
were 134 million ha of biotech crops, with an underlying 80-fold
land increase from 1996 to 2009 and a year-to-year growth of 9
million hectares or 7% on average. Developing countries have
increased their share of global biotech crops to almost 50%
and are expected to continue to significantly increase biotech
hectarage in the future. Figures supplied by ISAAA (2010) for
2009 indicate that Round Up® soybean is the principal biotech
crop, accounting for 69.2 million ha or 52% of global biotech
crop area (65.8 million ha in 2008), followed by Bt maize (41.7
million hectares or 31%, 37.3 million ha in 2008), Bt cotton
(16.1 million hectares or 12%, 15.5 million ha in 2008) and
Round Up® canola (6.4 million hectares or 5%, 5.9 million ha
in 2008).

While GMOs such as Bt corn and cotton, and herbicide-
tolerant soybean have been cultivated in USA since 1990s, most
of the European countries are still against their approval for culti-
vation. In Europe the environmental release of GMO, generated
an extensive and intense social and political debate, concerning
the environment and food safety and the ethical acceptability of
engineered crops (Wolfenbarger and Phifer, 2000; Hails, 2002;
Altieri etal., 2004; Borlaug, 2007; Stokstad, 2008; Waltz, 2009),
and a precautionary approach to their release has been invoked
by some stakeholders (Aslaksen and Ingeborg Myhr, 2007). It
has to be pointed out that the use of GM technology in medical
screening and therapy is not met with the same level of hostil-
ity, and this holds true even amongst radical environmentalist
movements.

Some researchers hold that even organic farming could bene-
fit from using transgenic crops because of the benefit for the en-
vironment and reduction of farming costs (Amman, 2008). Some
authors (e.g., Stone, 2002) criticize the fact that genetic research
is mostly in private hands, and does not pursue what may really
benefit the poor: the genetic improvement of staple-subsistence
crops, such as: cassava (Manihot esculenta), sorghum, pearl
millet, because of companies could not make money out of that.
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Environmental risks directly related GMO cropping concerns
two main issues: (1) the effect of gene flow to non target or-
ganisms, and (2) the probability of gene flow to relative wild
plants (leading, for instance, to weed resistance to herbicides)
(Ellstrand, 2003; Chandler and Dunwell, 2008; Romeis et al.,
2008). A further issue concerns the development of resistance
in weeds and pests, as happened with agrochemicals.

Concerning the first issue, it is reported that large interna-
tional initiatives are already under way to develop a scientifically
rigorous approach to evaluate the potential risks to non target
arthropods posed by insect-resistant and genetically modified
crops (Romeis et al., 2008).

Transgene flow (introgression) from GRCs to non-GM crops
or wild weeds is the largest risk posed by glyphosate resis-
tant crops (GRCs). Glyphosate resistance transgenes have been
found in fields of canola that was supposed to be non-transgenic
(Cerdeira and Duke, 2006).

Spread of weeds and pests resistance is an issue that deserves
much attention. It has been reported that about a dozen differ-
ent varieties of weeds are known to have developed resistance
to glyphosate, and that the spread of resistance to new weed
species is increasing in countries like the United States, Ar-
gentina, South Africa, Israel, and Australia (Cerdeira and Duke,
2006; Service, 2007; Phelan, 2009; Nandula, 2010). Pest resis-
tance in Bt cotton has also been reported in the United States
(Tabashnik et al., 2009). According to some authors, resistance
spread could be overcome by improving regulatory systems and
adopting genetic techniques that can find wider approval among
the public (Fedoroff et al., 2010; Tester and Langridge, 2010).

Pest ecology is a very complex issue, and our knowledge of
the matter is still quite limited. Transgenic crops should not to
be considered a magic bullet for pest control (Lu et al., 2010).

For instance, whenever a primary pest is targeted and con-
trolled, other species are likely to rise in its place. It has
been reported, for example, that the boll weevil (Anthonomous
grandis) was once the main worldwide threat to cotton. As
farmers sprayed pesticides against the weevils, bollworms
(Pectinophora gossypiella) developed resistance and rose to be-
come the primary pest. Similarly, stink bugs Euschistus servus
(Say), E. tristigmus (Say), Acroster numhilare (Say), Nezara
viridula (L.), and leaf-footed bugs such as Leptoglossus spp.
(primarily L. phyllopus) have recently grown back again to
be important primary pests of most fruit, nut, vegetable and
grain/seed crops in the Southeast and other areas of the United
States. Since Bt cotton was introduced, they have replaced
bollworms as the primary pest in southeastern United States
(Hollis, 2006; Benbrook, 2009; VV. AA. 2009; Qiu, 2010).
Use of refugia may help to prevent the spread of resistance
(Tabashnik et al., 2008). Refugia work by maintaining popu-
lations of susceptible insects, some of which will mate with
resistant insects, thereby diluting the presence of Bt-resistant
genes in insect populations. However, refugia contamination
has also been reported (e.g., Chilcutt and Tabashnik, 2004)
and vigilance should be maintained to make sure that farmers

comply with the recommendations given on this matter by the
agronomists.

The recent experience with Bt cotton in China should be of
concern. More than 4 million hectares of Bt cotton are grown
in China. Bt cotton was planted in order to fight the bollworm
Helicoverpa armigera. However, since the introduction of Bt
cotton and the ensuing reduction in pesticide use, the numbers
of mirid bugs (insects of the Miridae family), which are not
susceptible to the Bt toxin, from being only minor pests in
northern China in 1997, have increased 12-fold. Mirids are now
becoming a major pest in the region, reducing cotton yields by
up to 50% in the absence of further pest control. Moreover,
differently from bollworms, mirid bugs are also a threat to crops
such as green beans, cereals, vegetables and various fruits (Lu
etal., 2010), resulting in the new pest causing an overall greater
crop and economic loss.

According to some authors (e.g., Kiers et al., 2008), GM
technology is not to be rejected on principle. Its contribution
being promising in some contexts, unpromising in others, and
unproven in many more. For instance, genetic engineering may
prove beneficial is in the development of annual grains becom-
ing perennial grains. Naturally occurring genes that permit ex-
change of DNA between chromosomes of different species or
genera can be used to obtain offspring with desirable traits from
both parents. Plant breeders can use genetic modification to in-
troduce new genes, to modify existing genes, or to interfere with
gene expression in specific cases (Glover et al., 2010b).

Chrispeels and Sadava (2002) point out that GM technol-
ogy can play an important role in enhancing agriculture perfor-
mances and benefit humanity. At the same time, they highlight
also that in a world of plenty, distribution of food, and not its
production, is the main culprit for current hunger and malnutri-
tion.

V. CONCLUSION

In this paper we have examined some issues concerning the
environmental impact of current agricultural practices. Warn-
ings are issued by many experts, regarding the high impact that
current agricultural practices are posing on the environment and
on long-term soil fertility.

Moving our agriculture toward a more sustainable path is not
an easy task, because we need to simultaneously deal with a
number of different environmental, social, economic, technical
issues, and tackle these at many different levels, from individual
farms to the global agro-food system.

We presented a number of alternative agricultural practices
that can be adopted, to make agriculture less environmentally
damaging, reducing the use of natural resources and preserving
soil fertility and biodiversity.

We think that there is room for a different and more ecological
agriculture and that research should be conducted in order to
better assess the potential and the constraints of the different
options available to us.
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Eventually, however, it might be required of our society that
it changes some of its paradigms and “values” in order to pre-
serve our support system, the soil and its health, for the future
generations.
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I. RESOURCES AND CULTURAL COMPLEXITY

Few questions of the social sciences have been more en-
during than how today’s complex societies evolved from the
small foraging bands of our ancestors. While this question
might seem to be of narrow academic interest, it has in fact
implications of the highest importance for anticipating our fu-
ture. Our understanding of sustainability and the human fu-
ture depends to a surprising degree on our understanding of
the human past. The emphasis of this essay is to show that
some of the conventional understandings of cultural evolution
are untenable, as are assumptions about sustainability that fol-
low from them. A new framework is presented that will more
realistically delineate the future connection of resources to
sustainability.

Complexity is a popular topic today, and there are various
conceptions of it. One can find, in various literatures, references
to physical complexity, ecological complexity, algorithmic
complexity, computational complexity, social complexity, and
probably other varieties as well. Complexity can be specified,
irreducible, or unruly. Complexity can occur within a system, or
by embedding different levels of systems. The concept used
here derives from Anthropology, and specifically from this
discipline’s focus on the ancestry of today’s complex society.
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The focus is cultural complexity, encompassing all of the so-
cial, ideological, behavioral, economic, and technological el-
ements that comprise a cultural system. Cultural complexity
consists of differentiation in structure and variation in organi-
zation. As human societies have evolved they have developed
more differentiated structures. Julian Steward, for example, once
noted the difference between the 3,000 to 6,000 cultural ele-
ments early anthropologists documented for native populations
of western North America, and the more than 500,000 artifact
types that U.S. military forces landed at Casablanca in World
War 11 (1955). Similarly, hunter-gatherer societies incorporate
no more than a few dozen distinct social personalities, while
modern European censuses recognize 10,000 to 20,000 unique
occupational roles, and industrial societies may contain over-
all more than 1,000,000 different kinds of social personalities
(McGuire, 1983).

But structural differentiation alone does not equal complex-
ity. The behavior of structural elements (such as roles and in-
stitutions) must be constrained for the elements to function as
a system. This constraint is provided through organization. Or-
ganization limits and channels behavior, making the activities
of behavioral elements predictable. Organization gives a system
coherence. For example, although the materiél that U.S. forces
took to Casablanca was highly differentiated (500,000 artifact-
types, as noted by Steward), it was not fully a complex system.
The materiél was loaded on the transport ships in a haphaz-
ard fashion (Atkinson, 2002). The results were predictable. As
Atkinson describes, “Guns arrived on the beach with no gun-
sights; guns arrived with no ammunition; guns arrived with no
gunners” (2002). About 260,000 tons of materiél, enough for
1.5 months of fighting, simply disappeared in Britain. There was
a clear lack of organization, which is what differentiated struc-
tures require to form a system. Without organization (normally
provided by “combat loading™), the impressive lot of materiél
was merely an assemblage. In human history, complex societies
evolved through increasingly differentiated structures that were
integrated by increasing organization.

Cultural complexity is deeply embedded in our contempo-
rary self-image, although colloquially we do not know it by
that term. Rather, cultural complexity is known in popular dis-
course by the more common term “civilization,” which we be-
lieve our ancestors achieved through the phenomenon called
“progress.” The concepts of civilization and progress have a sta-
tus in the cosmology of industrial societies that amounts to what
anthropologists call “ancestor myths.” Ancestor myths validate
a contemporary social order by presenting it as a natural and
sometimes heroic progression from earlier times. Just as Pueblo
Indians tell how their ancestors emerged from the underworld
and California Indians tell how the trickster Coyote changed the
world, so in industrial societies we tell how our ancestors dis-
covered fire, agriculture, and the wheel, and conquered untamed
continents.

Social scientists label this a “progressivist” view of cultural
evolution. It is based on the supposition that cultural complexity

is intentional, that it emerged merely through the inventiveness
of our ancestors, the outcome constituting progress. Progres-
sivism is the dominant ideology of free-market societies today.
But inventiveness is not a sufficient explanation for cultural
complexity. It is not a constant in human history. Rather, in-
ventiveness must be enacted in facilitating circumstances. What
were those circumstances? Prehistorians once thought they had
the answer: The discovery of agriculture gave our ancestors
surplus food and, comcomitantly, free time to invent urbanism
and the things that comprise “civilization” (e.g., Childe, 1944).
Through the mechanism of agriculture, plants figure centrally
in the progressivist view of cultural evolution. Vere Gordon
Childe may be the prehistorian most influential in propagating
this argument. He wrote:

On the basis of the neolithic economy further advances could be
made...in that farmers produced more than was needed for domestic
consumption to support new classes...in secondary industry, trade,
administration or the worship of gods (1944).

Eventually, in this line of reasoning, progress facilitated by agri-
cultural surpluses led to the emergence of cities, artisans, priest-
hoods, kings, aristocracies, and all of the other features of what
are called archaic states (Childe, 1944).

At first glance Childe’s argument appears plausible. Its seem-
ing reasonableness, though, stems from its logical consistency
with the progressivist ideology of industrial societies. Give
humans the resources to invent cultural complexity and ax-
iomatically, it is believed, they will. Prehistorians, after all,
are themselves socialized members of industrial societies. They
are raised to believe the values and ideologies of their soci-
eties, so it is natural that they internalize a progressivist view.
This unsurprisingly influences their interpretations of the past.
Archaeology emerged as a pastime of the middle and upper
classes, and early frameworks for arranging the past—ages of
stone, bronze, and iron, for example—reflect a belief in mate-
rial progress. Consider the implied progressivism of the titles of
some prominent books:

+ Man Makes Himself (Childe, 1951),

e Man’s Rise to Civilization: The Cultural Ascent of the
Indians of North America (Farb, 1978),

o The Ascent of Man (Bronowski, 1973).

While these are older works, the progressivist view persists
to this day. It is exemplified prominently in the recent popular
books of Jared Diamond (1997, 2005; see Tainter, 2005).

Il. CHALLENGING THE PROGRESSIVIST VIEW

The progressivist view posits a specific relationship between
resources (including plants) and civilization. It is that complex-
ity emerges because it can, and that the factor facilitating this is
surplus energy arising from such innovations as fire, agriculture,
and the wheel. Surplus energy precedes complexity and allows
it to emerge. Unfortunately for popular cosmology there are
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significant reasons to doubt the extent to which surplus energy
has driven cultural evolution.

One strand of thought that challenges progressivism emerged
in the eighteenth century with the works of Wallace (1761) and
Malthus (1798). Malthus was influenced by Wallace, who ar-
gued that progress would undermine itself by filling the world
with people. Stimulated by Malthus, Jevons (1866) worried that
Britain’s industrial development and global leadership would
outrun the supply of coal. Jevons argued that as technologi-
cal improvements increase the efficiency with which a resource
is used, total consumption of that resource may increase rather
than decrease. This became known as the Jevons Paradox or Re-
bound Effect (Polimeni et al., 2008). Malthus also set the stage
for contemporary theorists of consumption overshoot, such as
Erlich (1968) and Catton (1980).

Boulding derived from Malthus’s essay on population three
theorems. The first is called the Dismal Theorem:

If the only ultimate check on the growth of population is misery,
then the population will grow until it is miserable enough to stop its
growth (Boulding, 1959).

Theorem two is the Utterly Dismal Theorem, and it directly
challenges the progressivist view:

Any technical improvement can only relieve misery for a while,
for as long as misery is the only check on population, the improve-
ment will enable population to grow, and will soon enable more
people to live in misery than before. The final result of improve-
ments, therefore, is to increase the equilibrium population, which
is to increase the sum total of human misery (Boulding, 1959 [em-
phases in original]).

Boulding’s third theorem is called the moderately cheerful
form of the Dismal Theorem:

If something else, other than misery and starvation, can be found
which will keep a prosperous population in check, the population
does not have to grow until it is miserable and starves, and can be
stably prosperous (Boulding, 1959).

Boulding observed that how to implement the Cheerful The-
orem “is a problem which has so far produced no wholly satis-
factory solution” (1959).

The implication of this strain of thought is that humans have
rarely had surplus energy. When we have had surplus resources,
we have not had them regularly or in abundance for long. Sur-
pluses have been dissipated quickly by growth in consumption.
Since humans have rarely had surpluses, the availability of en-
ergy cannot be the primary driver of cultural evolution.

Beyond a Malthusian view, there is another strand of criti-
cism that undermines progressivism. It is that complexity costs.
In any living system, increased complexity carries a metabolic
cost. In non-human species this cost is a straightforward matter
of additional calories that must be found and consumed. Among
humans the cost is calculated in such currencies as resources,
effort, time, or money, or by more subtle matters such as annoy-
ance. While humans find complexity appealing in spheres such

as art, music, or architecture, we usually prefer that someone
else pay the cost. We are averse to complexity when it unalter-
ably increases the cost of daily life without a clear benefit to the
individual or household. Before the development of fossil fuels,
increasing the complexity and costliness of a society meant that
people worked harder.

The development of complexity is thus a paradox of hu-
man history. Over the past 12,000 years, we have developed
technologies, economies, and social institutions that cost more
labor, time, money, energy, and annoyance, and that go against
our aversion to such costs. We have progressively adopted ways
of life that impose increasing costs on both societies and indi-
viduals, and that contravene some of our deepest inclinations.
Why, then, did human societies ever become more complex?

At least part of the answer is that complexity is a basic
problem-solving tool. Confronted with problems, we often re-
spond by developing more complex technologies, establishing
new institutions, adding more specialists or bureaucratic levels
to an institution, increasing organization or regulation, or gath-
ering and processing more information. Such increases in com-
plexity work in part because they can be implemented rapidly,
and typically build on what was developed before. While we
usually prefer not to bear the cost of complexity, our problem-
solving efforts are powerful complexity generators. All that is
needed for growth of complexity is a problem that requires it.
Since problems continually arise, there is persistent pressure for
complexity to increase (Tainter 1988, 1996, 2000, 2006).

Growth of complexity is well illustrated in the response to
the attacks on the United States of September 11, 2001. In the
aftermath, steps taken to prevent future similar attacks focused
on creating new government agencies, such as the Transporta-
tion Security Administration and the Department of Homeland
Security, consolidating existing functions into some of the new
agencies, and increasing control over realms of behavior from
which a threat might arise. In other words, our first response
was to complexify—to diversify structure and function, and to
increase organization or control. The report of the government
commission convened to investigate the attacks (colloquially
called the 9/11 Commission) recommended steps to prevent fu-
ture attacks. The recommended actions amount, in effect, to
more complexity, requiring more costs in the form of resources,
time, or annoyance (9/11 Commission, 2004).

The costliness of complexity is not a mere annoyance or
inconvenience. It conditions the long-term success or failure
of problem-solving efforts. Complexity can be viewed as an
economic function. Societies and institutions invest in problem
solving, undertaking costs and expecting benefits in return. In
any system of problem solving, early efforts tend to be simple
and cost-effective. That is, they work and give high returns per
unit of effort. This is a normal economic process: humans al-
ways tend to pluck the lowest fruit, going to higher branches
only when those lower no longer hold fruit. In problem-solving
systems, inexpensive solutions are adopted before more com-
plex and expensive ones. In the history of human food-gathering
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FIG. 1. The marginal productivity of increasing complexity. At a point such as B1, C3, the costs of complexity exceed the benefits, and complexity is a

disadvantageous approach to problem solving.

and production, for example, labor-sparing hunting and gath-
ering gave way to more labor-intensive agriculture, which in
some places has been replaced by industrial agriculture that
consumes more energy than it produces (Boserup, 1965; Clark
and Haswell, 1966; Cohen, 1977). We produce minerals and
energy whenever possible from the most economic sources.
Our societies have changed from egalitarian relations, eco-
nomic reciprocity, ad hoc leadership, and generalized roles to
social and economic differentiation, specialization, inequality,
and full-time leadership. These characteristics are the essence
of complexity, and they increase the costliness of any society.

As high-return solutions are progressively implemented, only
more costly solutions remain. As the highest-return ways to
produce resources, process information, and organize society
are applied, continuing problems must be addressed in ways that
are more costly and less cost-effective. As the costs of solving
problems grow, the point is reached where further investments
in complexity do not give a proportionate return. Increments
of investment in complexity begin to yield smaller and smaller
increments of return. The marginal return (that is, the return per
extra unit of investment) starts to decline (Figure 1).

This is the long-term challenge faced by problem-solving in-
stitutions: diminishing returns to complexity. If allowed to pro-
ceed unchecked, eventually it brings ineffective problem solving
and even economic stagnation. A prolonged period of diminish-
ing returns to complexity is a major part of what makes problem
solving ineffective and societies or institutions unsustainable
(Tainter, 1988, 1999, 2000, 2006).

In the progressivist view, surplus energy precedes and facil-
itates the evolution of complexity. Certainly this is sometimes
true: There have been occasions when humans adopted energy
sources of such great potential that, with further development
and positive feedback, there followed great expansions in the

numbers of humans and the wealth and complexity of societies.
These occasions have, however, been rare, so much so that we
designate them with terms signifying a new era: the Agricul-
tural Revolution and the Industrial Revolution (which depended
on fossil fuels). It is worth noting that these unusual transitions
have not resulted from unbridled human creativity. Rather, they
emerged from solutions to problems of resource shortages, and
were adopted reluctantly because initially they created dimin-
ishing returns on effort in peoples’ daily lives (Cohen, 1977;
Wilkinson, 1973).

Most of the time, cultural complexity increases in a purely
mundane manner: from day-to-day exercises in solving prob-
lems. Most importantly for this essay, complexity that emerges
in this way will usually appear before there is additional energy
to support it. Complexity thus compels increases in resource
production. Rather than following the availability of energy,
cultural complexity often precedes it. Energy lags complexity
rather than the reverse. This new understanding of the temporal
relationship between complexity and resources has implications
for sustainability that diverge from what is commonly assumed.
These implications will be explored at the end of this essay. It
is useful first to present historical case studies that illustrate the
points made in this section.

. CASE STUDIES IN ENERGY AND COMPLEXITY

I describe next two historical cases that illustrate the relation-
ship of resources to problem solving and complexity. These are
the collapse of the Western Roman Empire in the fifth cen-
tury A.D. and the collapse of the Byzantine Empire in the
seventh century A.D., followed by Byzantine recovery. These
cases are chosen for the lessons they impart about sustainability
today.
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FIG. 2.

A. Collapse of the Western Roman Empire

The economics of an empire such as the Romans assembled
are seductive but illusory. The returns to any campaign of con-
quest are highest initially, when the accumulated surpluses of the
conquered peoples are appropriated. Thereafter the conqueror
assumes the cost of administering and defending the province.
These responsibilities may last centuries, and are paid for from
yearly agricultural surpluses.

The Roman government was financed by agricultural taxes
that barely sufficed for ordinary administration. When extraordi-
nary expenses arose, typically during wars, the precious metals
on hand frequently were insufficient. Facing the costs of war
with Parthia and rebuilding Rome after the Great Fire, Nero
began in 64 A.D. a policy that later emperors found irresistible.
He debased the primary silver coin, the denarius, reducing the
alloy from 98 to 93 percent silver. It was the first step down
a slope that resulted two centuries later in a currency that was
worthless and a government that was insolvent (Figure 2).

In the half-century from 235 to 284 the empire nearly came
to an end. There were foreign and civil wars almost without
interruption. The period witnessed 26 legitimate emperors and
perhaps 50 usurpers. Cities were sacked and frontier provinces
devastated. The empire shrank in the 260s to Italy, the Balkans,
and North Africa. By prodigious effort the empire survived the
crisis, but it emerged at the turn of the fourth century A.D. as a
very different organization.

In response to the crises, Diocletian and Constantine, in the
late third and early fourth centuries, designed a government that
was larger, more complex, and more highly organized. They
doubled the size of the army. To pay for this the government

Debasement of the denarius to 269 A.D. Source: Tainter (1994).

taxed its citizens more heavily, conscripted their labor, and dic-
tated their occupations. Villages were responsible for the taxes
on their members, and one village could even be held liable
for another. Despite several monetary reforms a stable currency
could not be found (Figure 3).

As masses of worthless coins were produced, prices rose
higher and higher. Money-changers in the east would not convert
imperial currency, and the government refused to accept its own
coins for taxes.

With the rise in taxes, population could not recover from
plagues in the second and third centuries. There were chronic
shortages of labor. Marginal lands went out of cultivation. Faced
with taxes, peasants would abandon their lands and flee to the
protection of a wealthy landowner. By 400 A.D. most of the
lands of Gaul and Italy were owned by about 20 senatorial
families.

From the late fourth century the peoples of central Europe
could no longer be kept out. They forced their way into Ro-
man lands in western Europe and North Africa. The govern-
ment came to rely almost exclusively on troops from Germanic
tribes. When finally they could not be paid, they overthrew the
last emperor in Italy in 476 (Boak, 1955; Russell, 1958; Jones,
1964, 1974; Hodgett, 1972; MacMullen, 1976; Wickham, 1984;
Williams, 1985; Tainter, 1988; 1994; Duncan-Jones, 1990; Harl,
1996).

The strategy of the later Roman Empire was to respond to
a near-fatal challenge in the third century by increasing the
size, complexity, power, and costliness of the primary problem-
solving system—the government and its army. The higher costs
were undertaken not to expand the empire or to acquire new
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FIG. 3. Reductions in the weight of the follis, 296 to 348 A.D. (data from Van Meter, 1991).

wealth, but to maintain the status quo. The benefit/cost ratio of
imperial government declined. In the end the Western Roman
Empire could no longer afford the problem of its own existence
(Tainter, 1988, 1994, 2000, 2006; Allen, Tainter, and Hoekstra,
2003; Tainter and Crumley, 2007).

B. Collapse and Recovery of the Byzantine Empire

The Eastern Roman Empire (usually known as the Byzantine
Empire) survived the fifth century debacle. Efforts to develop
the economic base, and to improve the effectiveness of the army,
were so successful that by the mid sixth century Justinian (527-
565) could engage in a massive building program and attempt
to recover the western provinces.

By 541 the Byzantines had conquered North Africa and most
of Italy. Then that year bubonic plague swept over the Mediter-
ranean for the first time. Just as in the fourteenth century, the
plague of the sixth century killed from one-fourth to one-third
of the population. The loss of taxpayers caused immediate fi-
nancial and military problems. In the early seventh century the
Slavs and Avars overran the Balkans. The Persians conquered
Syria, Palestine, and Egypt. Constantinople was besieged for
seven years.

The emperor Heraclius cut pay by half in 616, and proceeded
to debase the currency (Figure 4).

These economic measures facilitated his military strategy. In
626 the siege of Constantinople was broken. The Byzantines

destroyed the Persian army and occupied the Persian king’s
favorite residence. The Persians had no choice but to surrender
all the territory they had seized. The Persian war lasted 26 years,
and resulted only in restoration of the status quo of a generation
earlier.

The empire was exhausted by the struggle. Arab forces,
newly converted to Islam, defeated the Byzantine army de-
cisively in 636. Syria, Palestine, and Egypt, the wealthiest
provinces, were lost permanently. The Arabs raided Asia Minor
nearly every year for two centuries, forcing thousands to hide
in underground cities. Constantinople was besieged each year
from 674 to 678. The Bulgars broke into the empire from the
north. The Arabs took Carthage in 697. From 717 to 718 an Arab
force besieged Constantinople continuously for over a year. It
seemed that the empire could not survive. The city was saved in
the summer of 718, when the Byzantines ambushed reinforce-
ments sent through Asia Minor, but the empire was now merely
a shadow of its former size.

Third- and fourth-century emperors had managed a similar
crisis by increasing the complexity of administration, the regi-
mentation of the population, and the size of the army. This was
paid for by such levels of taxation that lands were abandoned
and peasants could not replenish the population. Byzantine em-
perors could hardly impose more of the same exploitation on
the depleted population of the shrunken empire. Instead they
adopted a strategy that is truly rare in the history of complex
societies: systematic simplification.
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FIG. 4. Weight of the Byzantine follis, 498-717 A.D. (data from Harl, 1996).

Around 659 military pay was cut in half again. The gov-
ernment had lost so much revenue that even at one-fourth the
previous rate it could not pay its troops. The solution was for
the army to support itself. Soldiers were given grants of land on
condition of hereditary military service. The Byzantine fiscal
administration was correspondingly simplified.

The transformation ramified throughout Byzantine society.
Both central and provincial government were simplified, and
the costs of government were reduced. Provincial civil admin-
istration was merged into the military. Cities across Anatolia
contracted to fortified hilltops. The economy developed into its
medieval form, organized around self-sufficient manors. There
was little education beyond basic literacy and numeracy, and
literature itself consisted of little more than lives of saints. The
period is sometimes called the Byzantine Dark Age.

The simplification rejuvenated Byzantium. The peasant-
soldiers became producers rather than consumers of the empire’s
wealth. By lowering the cost of military defense the Byzan-
tines secured a better return on their most important investment.
Fighting as they were for their own lands and families, soldiers
performed better.

During the next century, campaigns against the Bulgars and
Slavs gradually extended the empire in the Balkans. Greece was
recaptured. Pay was increased after 840, yet gold became so
plentiful that in 867 Michael 111 met an army payroll by melt-
ing down 20,000 pounds of ornaments from the throne room.
When marines were added to the imperial fleet it became more

effective against Arab pirates. In the tenth century the Byzan-
tines reconquered parts of coastal Syria. Overall after 840 the
size of the empire was nearly doubled. The process culminated
when Basil 11 (963-1025) conquered the Bulgars and extended
the empire’s boundaries again to the Danube (Treadgold, 1988,
1995, 1997; Haldon, 1990; Harl, 1996). In two centuries the
Byzantines had gone from near disintegration to being the pre-
mier power in Europe and the Near East, an accomplishment
won by decreasing the complexity and costliness of problem
solving.

IV. DISCUSSION

The Roman and Byzantine case studies illustrate different
outcomes to complexification, and offer different lessons for
understanding sustainability. The Roman collapse exemplifies
the thesis of this essay, that increasing complexity precedes the
availability of energy and subsequently compels increases in
its production. The Byzantine collapse and recovery illustrate a
different but also important point, which will be discussed later.

The Roman Empire is a single case study in complexity
and problem solving (for others, see Tainter, 1988, 2000, 2002,
2006; Allenetal., 2003), but it is an important and representative
one. It illustrates one of the basic processes by which societies
increase in complexity. Societies adopt increasing complexity to
solve problems, becoming at the same time more costly. In the
normal course of economic evolution, this process at some point
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will produce diminishing returns. Once diminishing returns set
in, a problem-solving institution must either find new resources
to continue the activity, or fund the activity by reducing the
share of resources available to other economic sectors. The latter
is likely to produce economic contraction, popular discontent,
and eventual collapse. This was the fate of the Western Roman
Empire.

This understanding of complexity and resources has impli-
cations for our contemporary discussions of energy and sustain-
ability. Both popular and academic discourse on sustainability
commonly make the following assumptions: that (a) future sus-
tainability requires that industrial societies consume a lower
guantity of resources than is now the case (e.g., Brown, 2008;
Caldararo, 2004; Heinberg, 2004), and (b) sustainability will
result automatically if we do so. Sustainability emerges, in this
view, as a passive consequence of consuming less. Thus sustain-
ability efforts are commonly focused on reducing consumption
through voluntary or enforced conservation, perhaps involving
simplification, and/or through improvements in technical effi-
ciencies.

The common perspective on sustainability follows logically
from the progressivist view that resources precede and facilitate
innovations that increase complexity. Complexity, in this view,
is a voluntary matter. Human societies became more complex
by choice rather than necessity. By this reasoning, we should
be able to choose to forego complexity and the resource con-
sumption that it entails. Progressivism leads to the notion that
societies can deliberately reduce their consumption of resources
and thus achieve sustainability. Regrettably, we know that pro-
gressivism is a flawed argument, failing to provide an accurate
account of history.

The fact that complexity and costliness increase through
mundane problem solving suggests a different conclusion with a
startling implication: Contrary to what is typically advocated as
the route to sustainability, it is usually not possible for a society
to reduce its consumption of resources voluntarily over the long
term. To the contrary, as problems great and small inevitably
arise, addressing these problems requires complexity and re-
source consumption to increase. Historically, as illustrated by
the Roman Empire and other cases (Tainter, 1988, 2000, 2002,
2006; Allen et al., 2003), this has commonly been the case.

The Byzantine collapse becomes important at this point. It
is the only case of which | am aware in which a large, complex
society systematically simplified, and reduced thereby its con-
sumption of resources. While this case shows that societies can
reduce resource consumption and thrive, it offers no hope that
this can be done commonly. In the Byzantine case simplification
was forced, made necessary by a gross insufficiency of revenues.
The Byzantines undertook simplification and conservation be-
cause, to use a colloquial expression, their backs were to the
wall. The empire had no choice. The Byzantine simplification
was also temporary. As Byzantine finances recovered, emperors
again expanded the size and complexity of their armed forces
(McGeer, 1995; Treadgold, 1995). The Byzantine chronicler

Anna Comnena, daughter of emperior Alexius | (1081-1118),
described her father’s marching army as like a moving city
(Haldon, 1999).

Many students of sustainability will find it a disturbing con-
clusion that long-term conservation is not possible, contravening
as it does so many assumptions about future sustainability. Nat-
urally we must ask: are there alternatives to this process? Can
we find a way out of this dilemma? Regrettably, as Boulding
observed, no simple solutions are evident. Consider some of the
approaches commonly advocated:

1. Voluntarily Reduce Resource Consumption. While this
may work for a time, its longevity as a strategy is constrained
by the factors discussed in this essay: Societies increase in com-
plexity to solve problems, becoming more costly in the process.
Resource production must subsequently increase to fund the in-
creased complexity. To implement voluntary conservation long
term would require that a society be either uniquely lucky in not
being challenged by problems, or that it not address the prob-
lems that confront it. The latter strategy would at best reduce
the legitimacy of the problem-solving institution, and at worst
lead to its demise.

I will not address in depth the question whether long-term
voluntary conservation is possible at the level of individuals and
households. I am confident that usually it is not, that humans
will not ordinarily forego affordable consumption of things they
desire on the basis of abstract projections about the future. |
raise the possibility of voluntary conservation only because of
its perennial popularity.

There are societies that seem to incorporate an ethic of con-
servation. Japan, as described by Caldararo (2004), may be
such a society. Caldararo argues that Japan participates in the
system of industrial nations in its own way: low fertility, com-
paratively low consumption, high savings, acceptance of high
prices, and tolerance of institutions that are economically in-
efficient but socially rational. “Japan,” Caldararo believes, “is
building a sustainable economy for the 21st century” (2004). Yet
even if Caldararo’s assessment is accurate, such a case does not
contravene the arguments presented here. Even in societies that
do voluntarily consume less than they could, problem solving
must in time cause complexity, costliness, and resource con-
sumption to grow. These things may grow from a smaller base,
but the fundamental process of increasing complexity remains
unaltered.

2. Employ the Price Mechanism to Control Resource Con-
sumption. This is currently the laissez-faire strategy of industri-
alized nations. Since humans don’t commonly forego affordable
consumption of desired goods and services, economists consider
it more effective than voluntary conservation. Both approaches,
however, lead eventually to the same outcome: As problems
arise, resource consumption must increase at the societal level
even if consumers as individuals purchase less.

3. Ration Resources. Because of its unpopularity, rationing is
possible in democracies only for clear, short-term emergencies.
Thisisillustrated by the reactions to rationing in England and the
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United States during World War 11. Moreover, rationed resources
may become needed to solve societal problems, belying any
attempt to conserve through rationing. Something like this can
be seen in the fiscal stimulus programs enacted in late 2008 and
early 2009.

4. Reduce Population. While this would reduce aggregate
resource consumption temporarily, as a long-term strategy it
has the same fatal flaw as the first two: Problems will emerge
that require solutions, and those solutions will compel resource
production to grow.

5. Hope for Technological Solutions. | sometimes call this
a faith-based approach to our future. We members of indus-
trialized societies are socialized to believe that we can always
find a technological solution to resource problems. Technology,
within the framework of this belief, will presumably allow us
continually to reduce our resource consumption per unit of ma-
terial well-being. Conventional economics teaches that to bring
this about we need only the price mechanism and unfettered
markets. Consider, for example, the following statements:

» No society can escape the general limits of its re-
sources, but no innovative society need accept Malthu-
sian diminishing returns (Barnett and Morse, 1963),

o All observers of energy seem to agree that various
energy alternatives are virtually inexhaustible (Gordon,
1981),

» By allocation of resources to R&D, we may deny the
Malthusian hypothesis and prevent the conclusion of
the doomsday models (Sato and Suzawa, 1983).

Our society’s belief in technical solutions is deeply ingrained.

The flaw here was pointed out by Jevons (1866), as noted
above: as technological improvements reduce the cost of using a
resource, total consumption will eventually increase. The Jevons
Paradox (also known as the Rebound Effect) is widely in effect
(Polimeni et al., 2008), among economic levels ranging from
nations to households and individuals, including in many sectors
of daily life (Tainter, 2008).

Thus, conventional solutions to problems of resource con-
sumption can only be effective for short periods of time. Over
the long term, problem solving compels societies to grow in
complexity and increase consumption. Because of this it is use-
ful to think of sustainability in the metaphor of an athletic game:
itis possible to “lose”—that is, to become unsustainable, as hap-
pened to the Western Roman Empire. But the converse does not
hold. Because we continually confront challenges, there is no
point at which a society has “won”—become sustainable in per-
petuity, or at least for a very long time. Success, rather, consists
of remaining in the game.

What can societies do when faced with increasing complex-
ity, increasing costs, and diminishing returns in problem solv-
ing? There appear to be seven possible strategies, all of which
are effective only for a time (Tainter, 2006). These are not se-
quential steps, nor are they mutually exclusive. They are simply

ideas that can work alone or in combination. Some of these
strategies would clearly have only short-term effects, while oth-
ers may be effective for longer. The first strategy, however, is
essential in all long-term efforts toward sustainability.

1. Be aware. Complexity is most insidious when the partici-
pants in an institution are unaware of what causes it. Managers of
problem-solving institutions gain an advantage by understand-
ing how complexity develops, and its long-term consequences.
It is important to understand that unsustainable complexity may
emerge over periods of time stretching from years to millennia,
and that cumulative costs bring the greatest problems.

2. Don’t solve the problem. This option is deceptively simple.
As obvious as it seems, not solving problems is a strategy that is
rarely adopted. The world view of Western industrial societies is
that ingenuity and incentives can solve all problems. Ignorance
of complexity, combined with the fact that the cost of solv-
ing problems is often deferred or spread thinly, reinforces our
problem-solving inclination. Yet often we do choose not to solve
problems, either because of their cost or because of competing
priorities. Appropriators and managers do this routinely.

3. Accept and pay the cost of complexity. This is a common
strategy, perhaps the most common in coping with complexity.
It too is deceptively simple. Governments are often tempted
to pay the cost of problem solving by increasing taxes, which
reduces the share of national income available to other economic
sectors. Businesses may do the same by increasing prices. The
problem comes when taxpayers and consumers rebel, or when
a firm’s competitors offer a similar product at a lower cost.

4. Find subsidies to pay costs. This has been the strategy of
modern industrial economies, which have employed the subsi-
dies of fossil and nuclear energy to support our unprecedented
levels of complexity. As seen since the adoption of coal (Wilkin-
son, 1973), the right subsidies can sustain complex problem
solving for centuries. Anxiety over future energy is not just
about maintaining a standard of living. It also concerns our
future problem-solving abilities.

5. Shift or defer costs. This is one of the most common
ways to pay for complexity. Budget deficits, currency devalua-
tion, and externalizing costs exemplify this principle in practice.
This was the strategy of the Roman Empire in debasing its cur-
rency, which shifted to the future the costs of containing current
crises. Governments before the Roman Empire also practiced
this subterfuge, as have many since. As seen in the case of the
Romans, it is a strategy that can work only for a time. When
it is no longer feasible, the economic repercussions may be far
worse than if costs had never been deferred.

6. Connect costs and benefits. If one adopts the explicit goal
of controlling complexity, costs and benefits must be connected
so explicitly that the tendency for complexity to grow can be
constrained by its costs. In an institution this means that infor-
mation about the cost of complexity must flow accurately and
effectively. Yet in a hierarchical institution, the flow of infor-
mation from the bottom to the top is frequently inaccurate and
ineffective (Mclntosh et al., 2000). Thus the managers of an
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institution are often poorly informed about the cost of complex-
ity and feel free to deploy more.

7. Recalibrate or revolutionize the activity. This involves a
fundamental change in how costs and benefits are connected,
and is potentially the most far-reaching technique for coping
with complexity. The strategy may involve both new resources
and new types of complexity that lower costs, combined with
positive feedback among new elements that amplifies benefits
and produces growth. As noted above, true revolutions of this
sort are rare, so much so that we recognize them in retrospect
with a term signifying a new era: the Agricultural Revolution
and the Industrial Revolution. Today’s Information Revolution
may be another such case. Fundamental changes of this sort
depend on opportunities for positive feedback, where elements
reinforce each other. For example, Watt’s steam engine facil-
itated the mining of coal by improving pumping water from
mines. Cheaper coal meant more steam engines could be built
and put to use, facilitating even cheaper coal (Wilkinson, 1973).
Put a steam engine on rails and both coal and other products
can be distributed better to consumers. Combine coal, steam en-
gines, and railroads, and we had most of the components of the
Industrial Revolution, all mutually reinforcing each other. The
economic system became more complex, but the complexity in-
volved new elements, connections, and subsidies that produced
increasing returns.

The transformation of the U.S. military since the 1970s pro-
vides a more recent example. So profound is this transformation
that it is recognized by its own acronym: RMA, the revolution
in military affairs. The revolution involves extensive reliance
on information technology, as well as the integration of hard-
ware, software, and personnel. Weapons platforms are just part
of this revolution, since weapons now depend on integration
with sensors, satellites, software, and command systems (Paarl-
berg, 2004). This is a military that is vastly more complex than
ever before. That complexity is of course costly, but the benefits
include both greater effectiveness and significant cost savings.
Being able to pinpoint targets means less waste of ordinance,
less need for large numbers of weapons platforms, and a need
for fewer people.

The fact that such revolutions do occur gives hope that a way
out of our current dilemma may be found. Yet complex systems
at the societal level cannot be designed. They emerge on their
own or they don’t. To rely on some hoped-for revolution involv-
ing innovation, energy, and positive feedback is, like relying on
technological innovation, a faith-based approach to our future.

V. CONCLUDING REMARKS

Sustainability is not the achievement of stasis. It is not a
passive consequence of having fewer humans who consume
more limited resources. One must work at being sustainable. The
challenges to sustainability that any society (or other institution)
might confront are, for practical purposes, endless in number
and infinite in variety. This being so, sustainability is a matter of

problem solving, an activity so commonplace that we perform
it with little thought to its long-term implications.

The notion of progress is ingrained in industrial societies,
so much so that it is part of our cosmology, a fundamental el-
ement of our ancestor myth. Just as our ancestors, we believe,
“pulled themselves up” through ingenuity, so today we con-
tinue this tradition. In the conventional framework, all that past
societies required for innovation and progress was free time
emerging from a sufficient level of energy and other resources.
Complexity, it is believed, follows energy, and if this is so then
we should be able to forego complexity voluntarily and reduce
our consumption of the resources that it requires. This is the
conventional approach to sustainability, which implicitly sees
the future as a condition of stasis with no challenges.

In actuality, major infusions of surplus energy are rare in
human history. More commonly, complexity increases in re-
sponse to problems, problems that are sometimes large-scale
and urgent. Increased complexity requires increased resources,
although when a problem is addressed long-term costs are typi-
cally not considered fully. Complexity emerging through prob-
lem solving typically precedes the availability of energy, and
compels increases in its production. Energy follows complex-
ity. Complexity is not voluntary, nor is it something that we
can ordinarily choose to forego. Complexity is required to solve
problems.

Applying this understanding to the problem of sustainability
leads to two conclusions that are not presently recognized in
the sustainability movement. The first is that the solutions com-
monly recommended to promote sustainability—conservation,
simplification, pricing, and innovation—can do so only in the
short term. Secondly, long-term sustainability depends on solv-
ing major societal problems that will converge in coming
decades, and this will require increasing complexity and en-
ergy production. Sustainability is demonstrably not a condition
of stasis. It is, rather, a process of continuous adaptation, of
perpetually addressing new or ongoing problems and securing
the resources to do so. Developing new energy is therefore the
most fundamental thing we can do to become sustainable.
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World malnutrition isa serious problem. Food security for the
poor depends on an adequate supply of food and/or the ability to
purchase food. The World Health Organization reportsthat more
than 3.7 billion people worldwide are malnourished because of
shortages of calories, protein, several vitamins, iron, and iodine.
People can die because of shortages of any one or a combination of
these nutrients. In the world today there are more than 6.8 billion
humans. Based on current rates of increase, the world population
isprojected to doubleto morethan 13 billion in about 58 years. At
atime when theworld population continuesto expand at a rate of
1.2% per year, adding more than a quarter million people daily,
providingadequatefood becomesan increasingly difficult problem.
The need to increase and make more rational food production, to
conserve natural resources, and to reduce food (crop) losses to
pestsiscritical. Also critical isa need to reduce human population
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numbers. Cropland, water and energy resources are inadquate to
support the current 6.8 billion people on earth.

Keywords conservation, diet, ecological agriculture, energy, sustain-
able agriculture, malnutrition, natural resources, nutrients

I. GLOBAL FOOD IMBALANCES

A. World Malnutrition

Currently, food shortages are critical with more than 3.7
billion humans malnourished worldwide (nearly 60% of the
world population). This is the largest number of malnourished
ever (Neisheim, 1993; McMichael, 1993; WHO, 2005). Nearly
10 million children under the age of 5 die each year (more
than 1,000 every hour) due to malnutrition and other diseases
(Rehydration Project, 2007).

The current world population is about 6.8 billion. Based on
the present growth rate of 1.2% per year, the population is pro-
jected to double to 13 billion in approximately 58 years (PRB,
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2008). Because population growth cannot continue indefinitely,
society can either voluntarily control its numbers or let natural
forces such as disease, malnutrition, and other disasters limit hu-
man numbers (Bartlett, 1998; Pimentel et al., 1999). Increasing
human numbers, especially in urban areas, and increasing food,
water, air, and soil pollution by pathogenic disease organisms
and chemicals, are causing a rapid increase in the prevalence of
disease and number of human deaths (WHO, 1992; Murray and
Lopez, 1996; Pimentel et al., 2007).

The planet’s numerous environmental problems emphasize
the urgent need to evaluate the available food, agriculture, and
natural resources and how they relate to the requirements of
a rapidly growing human population (Pimentel and Pimentel,
2008). In this article, the socioeconomic performance and car-
ring capacity of ecological agriculture is evaluated. In addition,
I suggest appropriate policies and technologies that would im-
prove agriculture and the standard of living and quality of life
worldwide.

B. Over Consumption of Food in the U.S.

The average American consumes 1,000 kg (2,200 Ibs) of
food per person per year containing and estimated 3,747 kcal
per day (Table 1).

A vegetarian diet of an equivalent 3,747 kcal per day requires
33% less fossil energy than the average American diet with meat
(Pimentel and Pimentel, 2008). The Food and Drug Adminis-
tration (Pimentel and Pimentel, 2008) recommends an average
daily consumption of 2,000 for females and 2,500 kcal for males
per day, much less than the average American is presently con-
suming. Reducing the calorie intake to a lower level would
significantly reduce the energy used in food production as well
as reduce the obesity problem.

The fossil energy required to produce the relatively high level
of animal products consumed in the average American diet are
estimated to be about 50% of the total energy inputs, whereas
to produce the staple foods such as, potatoes, wheat, common
vegetables and fruits, uses about 20% of the fossil energy inputs

TABLE 1
Current U.S. food consumption of 3,747 kcal per day and a recommended food consumption of 2,503 kcal per day without junk
foods included in either diet (FAO, 2004).

Current Diet

Reduced Consumption Diet

Food kcal /day kg/year % reduction kglyear kglyear
Grains 1509 157 15 1283 133
Starchy roots 136 63 15 116 54
Sweeteners 282 140 65 100 49
Nuts 15 2 0 15 2
Fats & Oils 581 86 65 203 30
Vegetables 80 131 0 80 131
Fruits 126 124 0 126 124
Meat 526 94 50 263 47
Fish 28 21 50 14 11
Milk 403 241 40 242 145
Eggs 61 17 0 61 17
Total 3747 1076 2503 743
Lacto-ovo Diet
Food kcal /day kg/year % reduction kcal/day kglyear
Grains 1579.75 164.36 45 865 89.67
Starchy Roots 264.5 122.29 12 230 107.07
Sweeteners 282 140 51 100 49
Nuts 100 13.33 0 100 13.33
Fats & Oils 168.3 24.91 39 102 15.07
Vegetables 222 363.53 0 222 363.53
Fruits 234 230.285 0 234 230.29
Meat 0 0 100 0 0
Fish 28 21 100 0 0
Milk 560.2 335 3 543 325.35
Eggs 204 56.85 0 204 56.85
Total 3614.75 1565.6 2500 1250.16
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(Pimentel et al., 2008) (Table 1). These data differ from the
thoroughly studied Dutch diet where staple foods account for
12% of the total energy input and animal products for another
36% of the energy (Gerbens-Leenes et al., 2002).

Based on preliminary data, Block (2004) estimates that the
average American consumes 33% of their total calories in junk
food. Reducing junk food intake from 33% of the calories to
10% would reduce the caloric intake to 2,826 kcal, while at
the same time conserving energy and improving human health
(Table 2). Consider that a kilogram of potato chips has 5,667
kcal of food energy, whereas a kilogram of potatoes has only
548 kcal of food energy (USDA, 1976).

Il.  LIMITED AGRICULTURAL RESOURCES

A. Shortages of Cropland

More than 99.7% of human food (calories) in the world
comes from the terrestrial environment; less than 0.3% comes
from the oceans and other aquatic ecosystems (FAO, 2004).
Worldwide, food and fiber crops are grown on 11% of the Earth’s
total land area of 13 billion hectares. Globally, the annual loss of
land to urbanization and highways ranges from 10 to 35 million
hectares (approximately 1%) per year, with half of this lost land
coming from cropland (Doeoes, 1994). Most of the remaining
land area (23%) apart from that occupied by cropland, pasture,
and forest is unsuitable for crops, pasture, and forests because
the soil is too infertile or shallow to support plant growth, or the
climate and land are too cold, dry, steep, stony, or wet.

In 1960, when the world population humbered about 3 bil-
lion, approximately 0.5 ha of cropland was available per capita
worldwide. This half a hectare of cropland per capita is needed
to provide a diverse, healthy, nutritious diet of plant and ani-
mal products—similar to the typical diet in the United States
and Europe (Lal, 1989; Giampietro and Pimentel, 1994). The
average per capita world cropland now is only 0.22 ha, or about
half the amount needed according to industrial nation standards
(Table 3).

This shortage of productive cropland is one underlying cause
of the current worldwide food shortages and poverty (Leach,
1995; Pimentel and Pimentel, 2008). For example, in China,
the amount of available cropland is only 0.1 ha per capita,
and rapidly declining due to continued population growth and

TABLE 2
Junk foods consumed per person and proposed reduction.
Item Quantity  Energy x Reduced Energy x
1000 kcal 1000 kcal
Soft drinks 600 cans® 1,300 100 cans 220
Potato chips 7.2 kg? 35 1 kg 4.8
Popcorn 25 kg® 113 2 kg 9.2

112-0z. cans. (Valentine, 2006).
2Kuchler et al., 2004.
3Coelho, 2006.

TABLE 3
Resources used and/or available per capita per year in the
United States, China, and the world to supply the basic needs
of humans (FAO, 2004).

Resources U.S. China World
Land
Cropland (ha) 0.59 0.10 0.22
Pasture (ha) 0.79 0.30 0.52
Forest (ha) 1.01 0.15 0.61
Total 3.06 0.71 2.00
Water (liters x 109) 1.7 0.45 0.60
Fossil fuel oil equivalents 9500 700 2100

(liters)

extreme land degradation. This minute amount of arable land
forces the Chinese people to consume primarily a vegetarian
diet (Table 3).

Currently, a total of 1,500 kg/yr per capita of agricultural
products is produced to feed Americans, while the Chinese food
supply averages 800 kg/yr per capita. By all measurements, the
Chinese have reached or exceeded the limits of their agricul-
tural system (Pimentel and Wen, 2004). Their reliance on large
inputs of fossil-fuel based fertilizers—as well as other limited
inputs—to compensate for shortages of arable land and severely
eroded soils, indicates severe problems for the future (Wen and
Pimentel, 1992). The Chinese already import large amounts of
grain from the United States and other nations and are planning
to increase these imports in the future.

Escalating land degradation threatens most crop and pasture
land throughout the world (Pimentel et al., 1995; Pimentel,
2006). The major types of degradation include water and wind
erosion, and the salinization and water-logging of irrigated soils
(Kendall and Pimentel, 1994). Worldwide, more than 10 million
hectares of productive arable land are severely degraded and
abandoned each year (Pimentel, 2006). Moreover, an additional
5 million hectares of new land must be put into production each
year to feed the nearly 90 million humans annually added to the
world population. Most of the 15 million hectares needed yearly
to replace lost land is coming from the world’s forests (WRI,
1996). The urgent need for more agricultural land accounts for
more than 60% of the deforestation now occurring worldwide
(Myers, 1990).

Agricultural erosion by wind and water is the most seri-
ous cause of soil loss and degradation. Current erosion rates are
greater than ever previously recorded (Pimentel, 2006). Soil ero-
sion on cropland ranges from about 13 tons per hectare per year
(t/halyr) in the United States to 40 t/ha/yr in China (Pimentel and
Wen, 2004). Worldwide, soil erosion averages approximately
30 to 40 t/halyr, or about 30 to 40 times faster than the replace-
ment rate (Pimentel, 2006). During the past 30 years, the rate
of soil loss in Africa has increased 20-fold (Tolba, 1989). Wind
erosion is so serious in China that Chinese soil can be detected
in the Hawaiian atmosphere during the spring planting period
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(Parrington et al., 1983). Similarly, soil eroded by wind in Africa
can be detected in Florida and Brazil each year (Pimentel et al.,
2000).

Erosion adversely affects crop productivity by reducing the
water-holding capacity of the soil, water availability, nutrient
levels and organic matter in the soil, and soil depth (Pimentel et
al., 1995). Estimates are that agricultural land degradation alone
can be expected to depress world food production between 15%
and 30% by the year 2020 (Pimentel et al., 2000). These esti-
mates emphasize the need to implement known soil conserva-
tion techniques, including biomass mulches, no-till, ridge-till,
terracing, grass strips, crop rotations, and combinations of all
of these. All these techniques essentially require keeping the
land protected from wind and rainfall effects with some form of
vegetative cover (Pimentel, 2006).

The current high erosion rate throughout the world is of great
concern because of the slow rate of topsoil renewal; it takes ap-
proximately 500 years for 2.5 cm (1 inch) of topsoil to form un-
der agricultural conditions (Troeh et al., 2004). Approximately
3,000 years are needed for the natural reformation of topsoil to
the 150 mm depth needed for satisfactory crop production.

The fertility of nutrient-poor soil can be improved by large in-
puts of fossil-based fertilizers. This practice, however, increases
dependency on the limited fossil fuels stores necessary to pro-
duce these fertilizers. And even with fertilizer use, soil erosion
remains a critical problem in current agricultural production
(Pimentel and Pimentel, 2008). Crops can be grown under arti-
ficial conditions using hydroponic techniques, but the costs in
terms of energy and dollars is approximately 10 times that of
conventional agriculture (Schwarz, 1995).

The arable land currently used for crop production already
includes a considerable amount of marginal land, land that is
highly susceptible to erosion. When soil degradation occurs, the
requirement for fossil energy inputs in the form of fertilizers,
pesticides, and irrigation is increased to offset the losses, thus
creating non-sustainable agricultural systems (Pimentel et al.,
1995; Lal, 1998).

If the U.S. population were reduced from the current 311
million to 100 million, the per capita cropland would increase to
about 1.5 ha (USDA, 2007). Using more crop rotations and other
types of soil conservation technologies will require additional
cropland. Still the U.S. should have ample cropland available
for food production.

B. Water Resources

The present and future availability of adequate supplies of
freshwater for human and agricultural needs is already critical in
many regions, like the Middle East (Postel, 1997). Rapid popu-
lation growth and increased total water consumption are rapidly
depleting the availability of water. Between 1950 and 1995,
the per capita availability of freshwater worldwide declined by
about 70% (Gleick, 2009).

All vegetation requires and transpires massive amounts of
water during the growing season. Agriculture commands more
water than any other activity on the planet. It is estimated
that 70% to 85% of water removed from all sources world-
wide is used solely for irrigation (Gleick, 2000; UNESCO,
2001). Of this amount, about two-thirds is consumed by plant
life (nonrecoverable) (Postel, 1997). For example, a corn crop
that produces about 9,000 kg/ha of grain uses more than
7 million liters/ha of water during the growing season (Pi-
mentel and Pimentel, 2008). To supply this much water to
the crop, approximately 1,000 mm of rainfall per hectare, or
10 million liters of irrigation, is required during the growing
season.

The minimum amount of water required per capita for food
is about 400,000 liters per year worldwide and in the United
States the average amount of water consumed annually in food
production is 1.7 million liters per capita per year (Postel, 1996;
USDA, 1996). Most of the 1.7 million liters is for irrigated food
production. We suggest that the 1.7 million liters be reduced to
500,000 liters per year with a reduction of about 90% of the
current irrigation.

The minimum basic water requirement for human health,
including drinking water, is 50 liters per capita per day (Gleick,
1996). The U.S. average for domestic usage, however, is 8 times
higher than that figure, at 400 liters per capita per day.

Water resources and population densities are unevenly dis-
tributed worldwide. Even though the total amount of water
made available by the hydrologic cycle is enough to provide
the world’s current population with adequate fresh water—
according to the minimum requirements cited above—maost of
this total water is concentrated in specific regions, leaving other
areas water-deficient. Water demands already far exceed sup-
plies in nearly 80 nations of the world (Gleick, 1993). In China,
more than 300 cities suffer from inadequate water supplies, and
the problem is intensifying as the population increases (Berk
and Rothenberg, 2003). In arid regions, such as the Middle East
and parts of North Africa, where yearly rainfall is low and ir-
rigation is expensive, the future of agricultural production is
grim and becoming more so as populations continue to grow.
Political conflicts over water in some areas, such as the Middle
East, have even strained international relations between severely
water-starved nations (Gleick, 1993).

The greatest threat to maintaining fresh water supplies is de-
pletion of the surface and groundwater resources that are used
to supply the needs of the rapidly growing human population.
Surface water is not always managed effectively, resulting in wa-
ter shortages and pollution that threaten humans and the aquatic
biota that depend on it. The Colorado River, for example, is used
so heavily by Colorado, California, Arizona, and other states,
that by the time the river reaches Mexico, it is usually no more
than a trickle running into the Gulf of California.

Groundwater resources are also mismanaged and over-
tapped. Because of their slow recharge rate, usually be-
tween 0.1% to 0.3% per year (UNEP, 1991; Covich, 1993),
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groundwater resources must be carefully managed to prevent
depletion. Yet, humans are not effectively conserving ground-
water resources. In Tamil Nadu, India, groundwater levels de-
clined 25 to 30 m during the 1970s as a result of excessive
pumping for irrigation (UNFPA, 1991; Pimentel et al., 2002).
In Beijing, the groundwater level is falling at a rate of about 1
m/yr; while in Tianjin, China, it drops 4.4 m/yr (Postel, 1997).
In the United States, aquifer overdraft averages 25% higher than
replacement rates. In an extreme case like the Ogallala aquifer
under Kansas, Nebraska, and Texas, the annual depletion rate is
130% to 160% above replacement (Beaumont, 1985). In some
parts of Arizona, water in some aquifers is being withdrawn 10
times faster than the recharge rate (Gleick et al., 2002).

High consumption of surface and groundwater resources, in
addition to high implementation costs, is beginning to limit the
option of irrigation in arid regions. Furthermore, salinized and
waterlogged soils —both soil problems that result from continued
irrigation require attention in the U.S. It is estimated that about
10 million ha of cropland is being abandoned per year due to
salinization (NAS, 2003).

Although no technology can double the flow of the Colorado
River or enhance other surface and ground water resources,
improved environmental management and conservation can in-
crease the efficient use of available freshwater. For example,
drip irrigation in agriculture can reduce water use by nearly
50% (O’Brien et al., 2008). In developing countries, though,
equipment and installation costs, as well as limitations in sci-
ence and technology, often limit the introduction and use of
these more efficient technologies.

Desalinization of ocean water is not a viable source of the
freshwater needed by agriculture, because the process is energy
intensive and, hence, economically impractical. The amount
of desalinized water required by 1 hectare of corn would cost
$14,000, while all other inputs, like fertilizers, cost only $500
(Pimentel et al., 1997). This figure does not even include the
additional cost of moving large amounts of water from the ocean
to inland agricultural fields.

Another major threat to maintaining ample fresh water re-
sources is pollution. Considerable water pollution has been doc-
umented in the United States (USCB, 1998), but this problem
is of greatest concern in countries where water regulations are
less rigorously enforced or do not exist. Developing countries
discharge approximately 95% of their untreated urban sewage
directly into surface waters (WHO, 1993). Of India’s 3,119
towns and cities, only 209 have partial sewage treatment facil-
ities and a mere eight have full wastewater treatment facilities
(WHO, 1992). A total of 114 cities dump untreated sewage and
partially cremated bodies directly into the sacred Ganges River
(NGS, 1995). Downstream, the polluted water is used for drink-
ing, bathing, cooking, and washing. This situation is typical of
many rivers and lakes in developing countries (WHO, 1992).

Overall, approximately 95% of the water in developing coun-
triesis polluted (WHO, 1992). There are, however, serious prob-
lems in the United States as well. EPA (1994) reports indicate

that 40% of U.S. lakes are unfit for swimming due to runoff
pollutants and septic tank discharge.

Pesticides, fertilizers, and soil sediments pollute water re-
sources when they accompany eroded soil into a body of water.
In addition, industries all over the world often dump untreated
toxic chemicals into rivers and lakes (WRI, 1991; WHO, 1993).
Pollution by sewage and disease organisms, as well as some
100,000 different chemicals used globally, makes water unsuit-
able not only for human drinking but also for application to
crops (Nash, 1993). Although some new technologies and envi-
ronmental management practices are improving pollution con-
trol and the use of resources, there are economic and biophysical
limits to their use and implementation (Gleick, 1993).

C. Energy Resources

Over time, people have relied on various sources of power.
These sources have ranged from human, animal, wind, tidal, and
water energy, to wood, coal, gas, oil, and nuclear sources for
fuel and power. Fossil fuel energy permits a nation’s economy
to feed an increasing number of humans, as well as improving
the general quality of life in many ways, including protection
from numerous diseases (Pimentel and Pimentel, 2008).

About 473 quads (1 quad = 10 BTU or 1,987 x 108
Joules) from all energy sources are used worldwide per year
(International Energy Annual, 2007) (Table 4).

Current energy expenditure is directly related to many fac-
tors, including rapid population growth, urbanization, and high
consumption rates. Increased energy use also contributes to en-
vironmental degradation (Pimentel and Pimentel, 2008). Energy
use has been growing even faster than world population growth.
From 1970 to 1995, energy use was increasing at a rate of 2.5%
(doubling every 30 years) whereas the worldwide population
only grew at 1.7% (doubling about 40 years) (PRB, 1996; In-
ternational Energy Annual, 1995-2007). Current energy use is
projected to increase at a rate of 2.2% (doubling every 32 years)
compared with a population growth rate of 1.2% (doubling every
58 years) (PRB, 2008; International Energy Annual, 2007).

TABLE 4
Fossil and solar energy use in the U.S. and world (quads =
10%BTU) (USCB 2007).

Fuel uU.S. World
Petroleum 40.1 168
Natural gas 23.0 103
Coal 22.3 115
Nuclear 8.2 28
Biomass 3.0 30
Hydroelectric power 34 27
Geothermal and wind power 0.4 0.8
Biofuels 0.5 0.9
Total 100.9 472.7
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Although about 50% of all the solar energy captured by pho-
tosynthesis worldwide is used by humans, it is still inadequate
to meet all of the planet’s needs for food worldwide (Pimentel
and Pimentel, 2008). To make up for this shortfall, about 473
quads of fossil energy (oil, gas, and coal) are utilized world-
wide each year (International Energy Annual, 2007). Of this,
109 quads are utilized in the United States (USCB, 2008). The
U.S. population consumes 70% more fossil energy than all the
solar energy captured by harvested U.S. crops, forest products,
and other vegetation each year (Pimentel et al., 2008).

Industry, transportation, home heating, and food production
account for most of the fossil energy consumed in the United
States (USCB, 2008). Per capita use of fossil energy in the
United States is 9,500 liters of oil equivalents per year, more
than 13 times the per capita use in China (Table 3). In China,
most fossil energy is used by industry, but a substantial amount,
approximately 25%, is used for agriculture and the food system
(Pimentel and Wen, 2004).

Developed nations annually consume about 70% of the fossil
energy worldwide, while the developing nations, which have
about 75% of the world population, use only 30% (International
Energy Annual, 2007). The United States, with only 4.5% of the
world’s population, consumes about 25% of the world’s fossil
energy output (Pimentel and Pimentel, 2008). Fossil energy
use in the different U.S. economic sectors has increased 20- to
1,000-fold in the past 3 to 4 decades, attesting to America’s
heavy reliance on this finite energy resource to support their
affluent lifestyle (Pimentel et al., 2004).

Several developing nations that have high rates of population
growth are increasing fossil fuel use to augment their agricul-
tural production of food and fiber. In China, there has been a 100-
fold increase in fossil energy use in agriculture for fertilizers,
pesticides, and irrigation since 1955 (Pimentel and Wen, 2004).

Fertilizer production on the whole, though, has declined by
more than 22% since 1991, especially in the developing coun-
tries, due to fossil fuel shortages and high prices (IFIA, 2008).
In addition, the overall projections of the availability of fos-
sil energy resources for fertilizers and all other purposes are
discouraging because of the limited stores of these fossil fuels.

World oil production has peaked and projections are that by
2040, oil will decline to about 62% below peak (W. Youngquist,
Personal Communication, petroleum geologist, Eugene, Ore-
gon, 30 April, 2008). The world supply of oil is projected to last
approximately 40 to 60 years, if use continues at current produc-
tion rates.Worldwide, the earth’s natural gas supply is projected
to peak at 2020 and coal peak at 2025. Natural gas and coal are
considered adequate for about 100 years. In the U.S., natural
gas supplies are already in short supply: it is projected that the
United States will deplete its natural gas resources in about 40
years. Many agree that the world has reached peak oil in 2007;
after this, oil resources will decline slowly and continuously
until there are little or no oil resources left (Walter Youngquist,
Personal Communication, 2009).

If we continue to hope that new discoveries of oil will post-
pone the arrival of the peak of oil production, we should remem-
ber that the peak moves back only at the rate of 5.5 days per
billion barrels of oil that are added to the geological estimate of
the world’s total oil resource (Bartlett, 1998).

Youngaquist (1997) reports that current oil and gas exploration
drilling data has not borne out some of the earlier optimistic
estimates of the amount of these resources yet to be found in the
United States. Both the production rate and proven reserves have
continued to decline. Domestic oil and natural gas production
will be substantially less in 20 years than it is today. Neither
is now sufficient for domestic needs, and supplies are imported
yearly in increasing amounts (USBC, 2008). Analyses suggest
that at present (2008) the United States has consumed about
90% of the recoverable oil that was ever in the ground, and that
we are currently consuming the last 3% of our oil. The United
States is how importing nearly 70% of its oil, which puts the
U.S. economy at risk due to fluctuating oil prices and difficult
political situations, such as the 1973 oil crisis and the 1991 Gulf
War.

At present, electricity represents about 34% of total U.S.
energy consumption (nuclear power contributes about 20% of
the electric needs) (USBC, 2008). Nuclear production of elec-
tricity has some advantages over fossil fuels because its pro-
duction requires less land than coal-fired plants and its use
does not contribute to acid rain and global warming. Nuclear
power, however, once seen as the future of electrical produc-
tion, is currently suffering major economic difficulties. No new
construction permits for nuclear power facilities have been is-
sued in the United States during the past 25 years (Youngquist,
1997).

Nuclear fusion has long been the subject of major efforts,
yet the goal of achieving commercial fusion power remains
elusive even after 50 years of intense research. It seems unwise
to depend on nuclear fusion for commercial energy, at least in
the near future.

All of the chemical and nuclear energy that society consumes
ultimately winds up as heat in the environment. The Second Law
of Thermodynamics limits the efficiency of heat engines to about
35%. This means that approximately two-thirds of the potential
energy in the fuel, whether chemical or nuclear, is converted
into heat, while the remaining one-third is delivered as useful
work (and, eventually, also converted into heat). Releasing this
heat into the environment can have adverse effects on aquatic
and terrestrial ecosystems (Bartlett, 1994).

More efficient end-use of electricity can reduce its costs,
while at the same time reduce environmental impacts. Commer-
cial, residential, industrial, and transportation sectors all have
the potential to reduce energy consumption by approximately
33% while saving money (Pimentel et al., 2004). Some of the
necessary changes to reduce consumption would entail more ef-
ficiently designed buildings, appliances, and industrial systems
(Pimentel et al., 2004).
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TABLE 5
Potential renewable energy for U.S.

Projected (2100)

Energy Technology Current Quads Quads®©
Biomass 3.3 7
Hydroelectric 2.9¢ 5
Geothermal 0.3¢ 3
Solar thermal 0.06" 10
Photovoltaics 0.06" 10
Wind power 0.3¢ 8
Biogas 0.001” 0.5
TOTAL 6.8 435

“EIA, 2007.

bUSCB, 2008.

“Calculated from Pimentel (2008).

Using available renewable energy technologies, such as
biomass and wind power, an estimated 44 quads of energy can
be supplied in the U.S. with the full implementation of 7 differ-
ent renewable energy technologies (Table 5) (Pimentel, 2008).
For the world | estimate about 200 quads of renewable energy
could be produced worldwide from 20% to 25% of the land
area. A self-sustaining renewable energy system producing 200
quads of energy per year for about 2 billion people (Pimentel
et al., 2010) would provide each person with 5,000 liters of
oil equivalents per year (half of America’s current consumption
per year but an increase for most people of the world). The ap-
propriation of over 20% of the land area for renewable energy
production will further limit the resilience of the vital ecosystem
that humanity depends upon for its life support system.

House size could be reduced from the current 2,500 sq. ft. to
about 1,000 sq. ft. (USCB, 2008). Heat would come from wood
fuel in the northeast and north central region. About 2 ha of forest
would be needed per home. This would provide about 6 tons of
wood fuel per year and should be adequate for a 1,000-sq.-ft.
home if well insulated. In low rainfall regions where there is
little wood fuel available then wind power or photovoltaics will
have to be depended on for heat. In this situation, the problem
of intermediacy of energy supply can be offset by storing the
heat in large hot-water tanks.

Ill.  CONSERVATION OF SOIL NUTRIENTS

A. Critical Soil Nutrients

The three critical nutrients in crop production are nitrogen,
phosphorus, and potassium. As fossil energy becomes scarce
and the costs of fertilizers increase, farmers will be forced to
seek alternative sources of these essential fertilizers. Nitrogen
is the most vital nutrient in agricultural production and the total
applied is about 12 million tons per year in the United States
(USDA, 2007). The total applied in 1995 was 18 million tons,
suggesting that farmers are making more effective use of nitro-

gen fertilizer. The 300% increase in the price of nitrogen fertil-
izer over the past decade has resulted in fewer nitrogen fertilizer
applications and care in the use of nitrogen in crop production.
The use of various agricultural technologies can conserve the
use of nitrogen, phosphorus, and potassium fertilizers in crop
production (Funderberg, 2001; Schmalshof, 2005).

B. Cover Crops

Conserving soil nutrients is critical in agricultural production
because it reduces fertilizer nutrient demands and increases crop
yields. A crucial aspect of soil nutrient conservation is the pre-
vention of soil erosion (Troeh et al., 2004). Cultivation practices
that build soil organic matter and prevent the exposure of bare
soil are key to preventing soil erosion (Pimentel, 2006). Cover
crops help protect the exposed soil from erosion after the main
crop has been harvested (Troeh et al., 2004). Compared with
conventional farming systems, which traditionally leave the soil
bare, the use of cover crops significantly reduces soil erosion.

In addition, leguminous cover crops also add nutrients to the
soil (Drinkwater et al., 1998; Weinert et al., 2002). For example,
vetch, a legume cover crop grown during the fall after the crop
is harvested and grows again in the spring months can add about
70 kg/ha of nitrogen to the soil (Pimentel et al., 2005). Other
studies in both the U.S. and Ghana have shown that nitrogen
yields from legumes planted the season before were between 100
and 200 kg ha (Griffin et al., 2000). In the organic systems at the
Rodale Farms in Pennsylvania, soil nitrogen levels were 43% or
significantly higher compared to only 17% for the conventional
farming system (Pimentel et al., 2005). Legumes as cover crops
can thus provide a significant portion of the nitrogen required
by most crops.

Cover crops can further aid in agriculture by collecting nearly
twice as much solar energy in organic farming systems that
utilized cover crops (Pimentel, 2006). Growing cover crops on
land before and after a primary crop nearly doubles the quantity
of solar energy harvested in the agricultural system per hectare
per year. This increased solar energy capture provides additional
organic matter, which improves soil quality and productivity.

C. Soil Organic Matter

Maintaining high levels of soil organic matter (SOM) is bene-
ficial for agriculture and crucial to improving soil quality. Carter
(2002) has shown aggregated SOM to have “major implica-
tions for functioning of soil in regulating air and water infiltra-
tion, conserving nutrients, and influencing soil permeability and
erodibility” by improving the soil’s water infiltration, structure,
and reducing erosion.

Maintaining high levels of SOM is the primary focus of
organic farming. On average, the amount of SOM is signifi-
cantly higher in organic production systems than in conventional
farming systems. Typical conventional farming systems with
satisfactory soil generally have 3% to 4% SOM, whereas or-
ganic farming systems from 5% to 6% SOM (Troeh et al.,
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2004). Soil carbon increased 28% in organic animal systems
and 15% in organic legume systems, but only 9% in the conven-
tional farming systems in the Rodale experiments (Pimentel et
al., 2005). The high level of SOM provides many advantages to
farming systems.

High levels of SOM also provide soil with increased capacity
to conserve water. Sullivan (2002) reported that about 41% of
the volume of organic matter in the organic systems consisted of
water, compared with only 35% in conventional systems. The
large amount of soil organic matter and water present in or-
ganic farming systems is the major factor making these systems
drought resistant.

In addition, 110,000 kg/ha of soil organic matter in an organic
corn system can sequester 190,000 kg/ha of carbon dioxide.
This is 67,000 kg/ha more carbon dioxide sequestered than in
the conventional corn system, and equals the amount of carbon
dioxide emitted by 10 cars that average 20 miles per gallon
and travel 12,000 miles per year (Pimentel et al., 2005; USCB,
2008). The added carbon sequestration benefits organic systems
and have beneficial implications for reducing global warming.

IV. REDUCED PESTICIDE USE

Currently worldwide about 3 billion kg of pesticides are ap-
plied to world crops (Pimentel, 2009). However, despite this
enormous amount of pesticide applied, pests (insects, weeds,
and plant pathogens) destroy more than 40% of all potential crop
production (Pimentel, 2009). Even in the U.S. where 500,000 kg
of pesticides are applied, pests destroy 37% of all potential pro-
duction or nearly the same loss as the world average (Pimentel,
2009). Worldwide after the 60% of the crops are harvested, then
another group of pests in post-harvest destroy another 25% of
the harvest. Thus, pests worldwide destroy about 52% of total
potential food and other crops (Pimentel, 2009).

As mentioned, with organic corn and soybeans at the Rodale
Farm both corn and soybeans were produced without the use
of insecticides and herbicides (Pimentel et al., 2005). There
was, in fact, no difference between the yields in the organic
and conventional production systems (Pimentel et al., 2005).
This confirms that although corn and soybeans in the United
States use more pesticides than any other crop, both crops can
be produced without the use of pesticides.

Studies have shown that pesticide use in the United States
could be reduced by 50% without any reduction in crop yields
(Pimentel et al., 1993). This approach has been confirmed in
Sweden and Indonesia. In Sweden, pesticide use has been re-
duced by 68% without any reduction in crop yields or cosmetic
standards (Plant Science Manitoba, 2004). In Indonesia, a trop-
ical country, the primary use of pesticides is on rice. Dr. Oka
(Pimentel, 2007) has reduced pesticide use by 65% and actually
increased rice yields by 12% associated with the 65% pesticide
reduction.

No-till crop production associated with crops like corn, sug-
gests there are benefits in reducing soil erosion (Pimentel et al.,

2008). However, no-till requires more herbicides, insecticides,
mollucides, and rodenticides (Hanley, 2008). In addition, no-
till requires the planting of additional corn seed because some
corn seed is lost due to rotting under the exceptionally moist
conditions of no-till. Also, because the nitrogen fertilizer has
to be applied to the corn with corn residues on the surface of
the land, some nitrogen is lost due to volitization, sheet erosion,
and dentrification (Pimentel and Ali, 1998). Thus, added nitro-
gen fertilizer has to be applied to the no-till system (Romm,
2008).

V. CONCLUSION

The socioeconomic status of agriculture can be improved im-
mensely and agriculture made ecologically sound by reducing
energy inputs, conserving soil and water resources, and improv-
ing the nutrition of the population. People in the United States
and Europe generally consume too much food per person. For
example, in the United States the average caloric intake per
day is nearly 3,700 kcal and for a male it should be only 2,500
kcal/day. In addition, far too many junk foods are consumed and
these should be significantly reduced (Pimentel et al., 2008).

Because more than 99.7% of all world food comes from the
land, land and soils need to be conserved. Soil organic matter is
the most valuable resource in soil. Soil organic matter should be
atalevel of about 6% instead of at about 3% as currently exists in
the United States. The 6% improves crop productivity, conserves
nutrients, and conserves water. An important addition to crop
production and soil conservation is the utilization of cover crops.
Cover crops help protect the soil and also, if legumes are used,
this technology can add significant quantities of nitrogen to the
soil.

In addition to conserving soil, water needs to be conserved.
Plants require and utilize enormous amounts of water. For ex-
ample, a corn crop that produced 9,000 kg/ha requires about 6
million liters of water during the growing season. On average
1 kg of plant biomass requires about 1,000 liters of water for
production.

To manipulate soil, water resources, and nutrient resources
required in crop production requires enormous amounts of fossil
energy. Most of the fossil energy resources required and utilized
are oil and natural gas. On average most foods reaching a person
in the U.S. require about 10 kcal per kcal of food consumed. Of
course, if the food is beef, then more than 40 kcal are required
per kcal of beef protein consumed.

Overall, conserving soil, water and nutrients in food produc-
tion, as well as in food processing, packaging and distribution
can reduce the total energy inputs in the food system. Reduc-
ing the quantity of food consumed is also recommended where
appropriate. All of these measures together can result in reduc-
ing energy inputs in the food system by about one half. This
change not only conserves fossil energy, but at the same time
improves the health of the people and makes agriculture eco-
logically sound.
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The serious food crisis in 2007 has reinstated the issue of food
security. In particular, it evokes an old set of questions associated
with the sustainability of an adequate food supply: are we facing a
systemic shortage of arable land for food production? How serious
is the oil dependence of food security in relation to peak oil (the
point in time when the maximum rate of global oil extraction is
reached)? To answer these questions one has to study the role of
technical inputs in agricultural production, especially those inputs
generated from fossil energy (how much fossil energy is used? for
which inputs? in relation to which tasks?). This paper provides a
synchronic comparison—e.g., comparing the use of technical in-
puts in 21 countries belonging to different typologies, at a given
point in time—and a diachronic comparison, e.g., comparing the
use of technical inputs in the same sample of 21 countries, over a
time window of 12 years (1991-2003). The results confirm the con-
clusions of previous studies and include the following: (i) current
pattern of inputs use reflects the existence of different typologies
of constraints in different typologies of countries. Wealthier coun-
tries must have a very high productivity of labor, whereas poor and
crowded countries must have a very high productivity of land. Dif-
ferent technical inputs are used for different purposes: irrigation
and fertilizers are used to boost yield per hectare; machinery and
infrastructures to boost the productivity of labor; and (ii) when
looking at the changes over the period of 12 years we see a constant
and worrisome trend. The pattern of energy use in agriculture asso-
ciated with the paradigm of industrial agriculture (High External
Input Agriculture) has been simply amplified, by doing more of the
same, with only minor adjustments in special countries. For those
looking for amajor transition toward a different pattern of produc-
tion more focused on rural development, ecological compatibility
and quality food, this is a reason for concern.

Keywords Fossil energy in agriculture, international comparison, en-

ergy output-input, demographic pressure, bio-economic
pressure, energy analysis of food production, agricultural
development

I. INTRODUCTION

In the five years previous to mid 2008 the prices of basic
food commodities doubled or tripled. For instance, the cere-
als FAO price index went up from 95 in 2002 to 167 in 2007
(FAO, 2009). This generated a serious food crisis in 2007, which
was experienced worldwide (both in developed and developing
world) and primed food riots in many cities of developing coun-
tries (Krugman, 2008). This food crisis can be explained by a
combination of the following factors: (i) increase in food de-
mand due to world population growth; (ii) changes in dietary
habits, with an increase in the consumption of animal products,
which entail a double conversion of grains used to feed animals
(Pingali, 2006); (iii) the occurrence of unfortunate events (such
as a couple of poor years of production); and (iv) the increasing
demand of grains for agro-biofuels (IMF, 2007; The Guardian,
2008; World Bank, 2008; Giampietro and Mayumi, 2009). The
food crisis was harder in developing countries, where food’s
share in household spending is higher (IMF, 2007). Are we in
the presence of a systemic change in the existing balance be-
tween demand and supply? In the affirmative, this would imply

that the issue of food security, interpreted as the ability of pro-
ducing enough food supply over a limited amount of available
land—which is shrinking with demographic growth—will get
more and more relevant at the world level.

In relation to this point, Ramonet (2009) reported that in the
last years more than 8 million hectares of agricultural land have
already been purchased worldwide by countries with a limited
endowment of arable land per capita such as South Korea, China,
Saudi Arabia, and Japan. These figures change according to the
source. GRAIN (2008) called this process “land grabbing” and
stated that to date more than 40 million acres have changed
hands or were under negotiation—20 million of which were
in Africa alone, with the side effect of reducing the number of
small scale farmers and adding more pressure to water resources.
Williams (2009), reporting on an UN event to try to prevent this
trend in Africa, quoted David Hallam, deputy director of the
trade and markets division at the UN’s Food and Agriculture
Organization (FAQO) saying that “in the worst cases it’s fair to
say we are looking at neo-colonialism.”

When dealing with the issue of food security and sustainabil-
ity of agriculture, it is essential to focus on the constraint that
the requirement of land, soil, water and other natural resources
entails on the possibility of generating an adequate supply of
food (Pimentel and Giampietro, 1994a). In fact, the severity of
this constraint determines the amount of technical inputs that
have to be used in agricultural production (or that should be
used to get a certain output), which in turn affect the ecological
impact of this production. Therefore, it is important to visualize
the big picture of existing trends of technical progress in agri-
culture at the world level, in order to be able to contextualize the
discussion of alternative techniques of agricultural production.
When talking of the use of technical inputs in agriculture, it is
well known that the revolution in the yields achieved in the last
century can only be explained by the massive injections of fossil
energy associated with modern techniques of agricultural pro-
duction (Cottrell, 1955; Gever et al., 1991; Leach, 1976; Odum,
1971; Pimentel and Pimentel, 1979; Smil, 1988, 1991, 2001;
Steinhart and Steinhart, 1974). The success of this solution has
been extraordinary: “In the past century, the world population
has tripled from 2 billion at the beginning of the twentieth cen-
tury to more than 6 billion at present. It is most impressive to
say that the increase in the productivity of agriculture was able
to meet the increase the demand for food by this increased pop-
ulation, at the same time that land per capita was proportionally
shrinking. Moreover, agriculture did not only meet the growing
food demand due to population growth, but it also succeeded
to match the demand of food of more people consuming much
more per capita. In fact, at present, the grain consumption per
capita in developed countries is around 700 kg of grain per year
with peaks up to 1,000 kg per year—when including the indi-
rect consumption in the food system for animal production, beer
production, and other industrial food products” (Giampietro and
Mayumi, 2009). But this extraordinary success implies a risk,
an increasing dependence of food security on fossil energy: “the
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survival of peasants in the rice fields of Hunan or Guadong—
with their timeless clod-breaking hoes, docile buffaloes, and
rice-cutting sickles—is now much more dependent on fossil fu-
els and modern chemical syntheses than the physical well-being
of American city dwellers sustained by lowa and Nebraska farm-
ers cultivating sprawling grain fields with giant tractors. These
farmers inject ammonia into soil to maximize operating profits
and to grow enough feed for extraordinarily meaty diets; but half
of all peasants in Southern China are alive because of the urea
cast or ladled onto tiny fields—and very few of their children
could be born and survive without spreading more of it in the
years and decades ahead.” (Smil, 1991, p. 593).

For this reason analyzing the dependence of food production
on fossil energy has become a very important topic (Stout, 1991,
1992; Pimentel and Giampietro, 1994b; Giampietro, 2002; Pi-
mentel and Pimentel, 1996; Smil, 1988, 1991, 2001).

Ten years ago, in another special issue of Critical Review
in Plant Science dedicated to the sustainability of agriculture
(Paoletti et al., 1999), one of the papers was dedicated to an in-
ternational comparison of the use of fossil energy in agriculture
(Giampietro et al., 1999). The goal was to study the different
mixes of technical inputs used in different typologies of coun-
tries, over a significant sample of world countries. In this paper,
we repeat, 10 years after, the same type of analysis with the
goal of studying the evolution of the pattern of use of techni-
cal inputs in different typologies of countries. What happened
in relation to this issue in the last ten years? Are we reducing
the dependence of our food security on oil? These questions
are extremely relevant since the era of cheap energy seems to
be over and for good. The chosen sample includes countries at
different levels of density of population (net exporters vs. net
importers of food) and at different levels of economic devel-
opment (developed vs. developing countries). The comparison
over the chosen sample of countries refers to the years 1991 and
2003.

Looking at the future, peak oil could imply a possible re-
duction in the current heavy use of fossil energy inputs to
agriculture. This reduction may very well be accompanied by
an increase in labour inputs and a reduction of transport. This
combination of changes could eventually lead to food produc-
tion being devoted primarily to local consumption. This sce-
nario seen by some authors as almost unavoidable—"“Fossil
fuel depletion almost ensures that this will happen” (Heinberg,
2007)—will represent a disaster for the growing mass of urban
poor in many developing countries. To this regard, it should be
noted that in 2007 more than 50% of human population was
urban (UNFPA, 2008). This explains why, a better understand-
ing of the link between the use of the different technical inputs
and food production is essential for discussing future scenarios
of food security. In particular, in order to develop alternative
methods of production, it is important to compare the use of
fossil energy (how much fossil energy? for which inputs? in
relation to which tasks?) in the agricultural sector of different
countries.

Il. MATERIALS AND METHODS

A. The Sample

The selected sample is the same as in the previous CRPS
paper of 1999, it includes 21 countries representing America,
Europe, Asia, Africa and Australia. The chosen sample of coun-
tries covers different combinations of economic development
(measured by GDP) and population density (measured by avail-
ability of arable land per capita).

o Developed countries: United States, Canada, and Aus-
tralia (important food exporters with low population
density), France (net food exporter within EU), the
Netherlands, Italy, Germany, Spain, United Kingdom
and Japan (net food importers).

o Countrieswith an intermediate GDP: Argentina (with
abundant arable land), Mexico, and Costa Rica

e Countries with a low GDP: P.R. China, Bangladesh,
India, and Egypt (all with little arable land per capita);
Zimbabwe (net food exporter), Uganda, Burundi,
Ghana.

B. The Theoretical Framework of the Analysis

The overall value of the output/input energy ratio of agri-
cultural production, refers to two distinct typologies of energy
flows: (A) the energy output, which is food energy produced in
the crops; and (B) the energy input, which is the fossil energy
embodied in the technical inputs used in agricultural produc-
tion. These two flows are not directly related to each other in
terms of their relative value to society. When analyzing the en-
ergetic efficiency of agricultural production we face a paradox
(Giampietro et al., 1999): “In the last decades technical develop-
ment in agriculture has led to a reduced efficiency of energy use,
when assessed by the output/input energy ratio in agricultural
production (Pimentel and Pimentel, 1979; Pimentel et al. 1990)
together with a diminished use of biodiversity in food produc-
tion (Altieri etal., 1987; Wilson, 1988).” To explain this paradox
it is important to understand that beside the energetic efficiency
of the agronomic production there are a lot of other relevant
criteria of performance determined by the strong conditioning
that the socioeconomic context imposes on the technical choices
made at the farming system level (Giampietro et al., 1994; Gi-
ampietro, 1997a, 1997b, 2003; Conforti and Giampietro, 1997).
In particular explaining the evolution in the pattern of use of
technical inputs in agricultural systems requires establishing a
relation between

1. changes taking place in the socio-economic context of the
farm. For this task we use in this analysis two indicators:
demographic and bio-economic pressure; and

2. changestaking placewithin thefarm. For this task we check
in this analysis the changes taking place in the pattern of
use of technical inputs—the mix of irrigation, fertilizer,
pesticides, and machinery.
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The basic rationale behind this analysis is that technical
progress of agriculture has been driven by two objectives
(Hayami and Ruttan, 1985; Giampietro, 1997b): (1) boost the
productivity of labor in the agricultural sector; and (2) boost the
productivity of land in production. Therefore, technical progress
(coupled to economic growth) has implied a continuous increase
in the injection of technical inputs into the process of agricul-
tural production in order to increase the net supply of: (i) food
per hectare (in response to the growing Demographic Pressure);
and (ii) food per hour of labor in the agricultural sector (in
response to the growing Bio-Economic Pressure).

As explained by Giampietro and Mayumi (2009) “The pri-
ority given to these two objectives, under the alleged label of
“technological progress in agriculture,” has been driven by two
crucial transformations that took place in developed societies in
previous decades:

1. A dramatic socioeconomic re-adjustment of the profile of
investment of human time, labor and capital over the different
economic sectors in industrial and post-industrial societies.
This transformation required the progressive elimination of
farmers to free labor for the work force in other economic
sectors, initially the industrial sector and later the service
sector;

2. The demographic explosion that took place, first in the devel-
oped world and later everywhere, linked to the phenomenon
characterized as ‘globalization of the economy’. This explo-
sion did, and still does require boosting the yields on land in
production due to the progressive reduction of the available
arable land per capita.”

To study the different effects of these two pressures on the
technical development of agriculture in the countries included
in the sample in this study we assume the following relations:

(i) the performance in terms of “land productivity”—the level
of crop production per hectare (MJ/ha)—is correlated to
differences in “demographic pressure.” An increase in de-
mographic pressure is defined as the reduction in available
cropland per capita, associated with population growth. An
increase in Demographic Pressure implies the need to boost
the yields per hectare, to remain self-sufficient in food pro-
duction;

(ii) the performance in terms of “labor productivity”—the level
of crop production per hour of work allocated to agriculture
(MJ/hour)—is correlated to differences in “bio-economic
pressure.”

Increase in bio-economic pressure (BEP) is defined as the re-
duction of the fraction of farmers in the work force, associated
with economic growth. An increase in BEP makes it necessary
to produce more crops per hour of work in agriculture, to remain
self-sufficient in food production. The main factor determining
the increase in BEP is economic growth in the economy, rather
than any “biological” factor. Using the jargon used in conven-

tional development economics, the process of declining active
population in agriculture is explained as follows. Labor produc-
tivity goes up in agriculture because of technical improvement
(nothing is said about energy input), while production cannot
increase at the same pace of productivity because of low income-
elasticity of demand for agricultural products as a whole (En-
gel’s Law). Therefore, economic growth implies that agriculture
tends to expel active population.

This assumption of an existing relation between: (i) agricul-
tural land productivity and Demographic Pressure (DP); and (ii)
agricultural labor productivity and Bio-Economic Pressure ; was
confirmed by the empirical analysis discussed in two previous
papers (Giampietro, 1997b; Conforti and Giampietro, 1997).

In this paper we characterize changes in relation to these
concepts as follows:

#1. Demographic Pressure (DP) and Bio-Economic Pressure
(BEP)—seen as drivers of technical progress in agriculture

*Demographic Pressure—to quantify the demographic
pressure onagricultural production we calculate the level of agri-
cultural productivity imposed by demographic pressure. This is
defined as the productivity of land (yield of food energy per
hectare) that would be needed to obtain a situation of complete
food self-sufficiency in society (Giampietro, 1997b; Giampietro
et al., 1999). This threshold level can be calculated from:

» The aggregate requirement of food in society (con-
sidering the food system under analysis as closed),
which is determined by the population size of soci-
ety, food consumption pattern, and post-harvest losses.
This information is available by consulting FAO Food
Balance Sheet (total consumption of the population).
In this study we consider the energetic value of plant
crops (consumed directly and indirectly), to account
for differences in the quality of the diet, determined
by the amount of animal products, requiring a dou-
ble conversion of plant calories into animal product
calories—for more see Giampietro (1997b).

» The land available for food production, which depends
on availability of arable land, characteristics of this
arable land, and alternative land uses (dependent on
population size and technological development). This
information is available from FAO statistics (arable
land and permanent crops). High demographic pressure
in society will invariably favor farming techniques and
crop mixes that yield a high food production per unit of
area (Boserup, 1981; Hayami and Ruttan, 1985). This
implies that the higher is the demographic pressure
—proxy: population divided by colonized land—the
higher can be expected to be the productivity of land—
proxy: the food energy yields of cultivated crops.

*Bio-Economic Pressurein agriculture—the bio-economic
pressure determined by economic growth can be described as the
need of reaching high level of labor productivity in specialized
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compartments of the economy, which are in charge of producing
the supply of critical input consumed by society (Giampietro
and Mayumi, 2000, 2009). In relation to food security, the bio-
economic pressure indicates the level of productivity of labor,
which should be achieved per hour of labor in agriculture, to
obtain a situation of complete food self-sufficiency in society.
For example, in 1999 the entire amount of food consumed per
capita in a year by a U.S. citizen (the United States is among
the countries with the highest consumption of food items per
capita) was produced using only 17 hours of work in the U.S.
agricultural sector (Giampietro, 2002). In general, quantitative
indicators of Bio-Economic Pressure correlate well with all the
other indicators of development such as Gross Domestic Product
or commercial energy consumption per capita (Pastore et al.,
2000).

In this paper, we define Bio-Economic Pressure in Agricul-
ture as the level of agricultural labor productivity (yield of food
energy per hour of labor in the agricultural sector) that would
be required to produce the food consumed in a society. In this
calculation we consider the same overall energetic requirement
of food calculated for determining the demographic pressure.
That is, we consider the society’s food system as closed. Then,
we divide the aggregate requirement of primary food energy
of the whole society in a year by the labor time available in a
year in the agricultural sector. The latter depends on the size
of the labor force, the unemployment rate, the fraction of the
labor force absorbed by the nonagricultural sectors, and the av-
erage work load (Giampietro, 1997b). A high Bio-Economic
Pressure in society favors farming techniques and crop mixes
that yield a high food production per hour of work (Hayami and
Ruttan, 1985; Giampietro, 1997b). That is, the higher is the
Bio-Economic Pressure in agriculture—proxy: total primary
food energy consumed by the society (total food consump-
tion) per hour of work in the agricultural sector (numbers of
active workers in agriculture x 2000 hours/year)—the higher
can be expected to be the productivity of labor of farmers—
proxy: the amount of food energy produced per hour of work in
agriculture.

As a matter of fact, imports and exports make it possible
for modern societies to have a certain level of independence
between: (a) the level of internal consumption of food both per
hour of work in agriculture and per hectare of land in production
in agriculture; and (b) the level of internal production of food
both per hour of work in agriculture and per hectare of land in
production in agriculture. However, as proved by the empirical
analysis, these two distinct types of pressure play an important
role in shaping the use of technical inputs across world countries.

#2. The use of technical inputs in relation to these two dif-
ferent pressures: (i) irrigation and fertilizers are required to deal
with the demographic pressure; whereas (ii) machinery is re-
quired to deal with the Bio-Economic Pressure.

Previous studies on the use of technical inputs in agricul-
ture (Giampietro 1997b; 2002; Conforti and Giampietro, 1997;
Giampietro et al., 1999) provided the following explanations

in relation to the mix of inputs used in different typologies of
agricultural production:

* Irrigation and fertilizers are used more in crowded coun-
tries, independently of the level of economic growth, since they
respond to the intensity of the demographic pressure—they
boost the production per hectare of land.

* Machinery is used, but in special niches, only in devel-
oped countries, independently of the level of demographic pres-
sure, since it responds to the intensity of the Bio-Economic
Pressure—they boost the production per hour of labor.

In this study we will double-check these assumptions not
only by providing a synchronic comparison, e.g., comparing the
use of inputs of 21 countries belonging to different typologies
at a given point in time. We will also provide a diachronic
comparison, e.g., the comparison over the same sample of 21
countries performed at two points in time 1991 and 2003, that
is, over a time window of 12 years.

C. Data Source and Conversion Factors
The quantitative assessments given in this study are based
on:

1. The Data-Set Taken From FAO Agricultural Satistics
Databases for world agricultural production are available at
FAO web site (http://www.fao.org/corp/statistics). We selected
data referring to 1991 and 2003. This database covers different
aspects of agricultural production: (1) means of production, e.g.,
various technological inputs used in production (excluding data
on pesticide use), (2) food balance sheets—accounting of pro-
duction, imports, exports and end uses of various products, as
well as composition of diet and energetic value of each item, per
each social system considered; (3) data on agricultural produc-
tion, and (4) data on population and land use. Data on pesticides
have been estimated using data from literature. Assessments of
pesticide consumption have been re-arranged starting from the
estimates of Pimentel (1997) to fit FAO system of aggregation.
The data used in this study are reported in Table 1.

2. The Set of Energy Conversion Factors Taken From an
Overview of the Available Data in the Specialized Liter-
ature

Energy conversion factors tend to apply generalized values,
but at the same time to reflect peculiar characteristics of vari-
ous socio-economic contexts in which agricultural production
occurs (e.g., reflecting the system of aggregation provided by
FAO statistics).

The conversion factors used to assess the amount of embod-
ied fossil energy are slightly different from those used in the
original study of Giampietro et al., 1999, since some data have
been updated. For this reason, the original data set used in the
CRPS paper of Giampietro et al. (1999) has been recalculated
using this set of conversion factors to obtain a better compara-
bility of the two assessments presented in this paper referring to
1991 and 2003.
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(1) Machinery—to assess energy equivalent of machinery
from FAQ statistics we adopted basic conversion factors sug-
gested by Stout (1991), since they refer directly to FAO system
of accounting. A standard weight of 15 Metric Tons (MT) per
piece (both for Tractors and for Harvester and Thresher) for the
United States, Canada, and Australia; a common value of 8 MT
for pieces in Argentina and Europe; a common value of 6 MT
for pieces in Africa and Asia. To the resulting machinery weight
Stout suggests an energy equivalent of 143.2 GJ/Metric Ton of
machinery. This value (which includes maintenance, spare parts
and repairs) is quite high, but it has to be discounted for the
life span of machinery. It is the selection of the useful life,
which will define, in ultimate analysis, the energy equivalent
of a metric ton of machinery. Looking at other assessments,
made following a different logic, it is possible to find in lit-
erature values between 60 MJ/kg for H&T and 80 MJ/kg for
tractors, but only for the making of the machinery. The range
of 100-200 MJ/kg found in Leach analysis (Leach, 1976) in-
cludes also the depreciation and repair. Pimentel and Pimentel
(1996) suggest an “overhead” of 25-30% for maintenance and
repairing to be added to the energy cost of making. In gen-
eral a 10-year life-span is applied to these assessments. The
original value of 143.2 GJ/Metric Ton of machinery suggested
by Stout can be imagined for a longer life-span than 10 years
(the higher the cost of maintenance and spare parts the larger
should be the life span). Depending on different types of ma-
chinery the range can be 12-15 years. Therefore, in this assess-
ment a flat discount of 14 years has been applied to the tons
of machinery, providing an energy equivalent of 10 GJ/MT/
year.

(2) Oil consumption per piece of machinery—conversion
factors from Stout (1991). Again, these factors refer directly
to data found in FAO statistics. The estimates of consumption
of fuel per piece are the following: 5 MT/year for the United
States, Canada, and Australia; 3.5 MT/year for Argentina and
Europe; 3 MT/year for Africa and Asia. The energy equivalent
suggested by Stout is quite low (42.2 GJ/MT of fuel —typical for
gasoline, without considering the cost of making and handling
it). A quite conservative value of 45 GJ/MT as average fossil
energy cost of “fuel” has been adopted.

(3) Fertilizers—conversion factors from Hesel (1992),
within the Encyclopedia edited by Stout (1992). These assess-
ments include also the packaging, transportation and handling
of the fertilizers to the shop. Values are:

o For Nitrogen, 78.06 MJ/kg—this is higher than the
average value of 60-63 MJ/kg for production (Smil,
1987; Pimentel and Pimentel, 1996) and lower than
the value estimated for production of Nitrogen in inef-
ficient plants powered by coal (e.g., in China), that can
reach the 85 MJ/kg reported by Smil (1987).

o For Phosphorous, 17.39 MJ/kg—this is higher than the
standard value of 12.5 MJ/kg reported for the process
of production (Pimentel and Pimentel, 1996). But still

in the range reported by various authors: 10-25 MJ/kg
by Smil (1987), 12.5-26.0 MJ/kg by Pimentel and Pi-
mentel (1996). The packaging and the handling can
explain the movement toward the upper value in the
range.

e For Potassium, 13,69 MJ/kg—also in this case the
value is quite higher than the standard value of 6.7
MJ/kg reported for production. Ranges are 4-9 MJ/kg
given by Smil (1987) and 6.5-10.5 MJ/kg given by Pi-
mentel and Pimentel (1996). Clearly, the energy related
to the packaging and handling, in this case influences
in a more evident way the increase in the overall cost
per kg.

(4)Irrigation—conversion factors suggested by Stout (1991)
are 8.37 GJ/halyear for Argentina, Europe, Canada, the United
States, and Asia; and 9.62 GJ/ha/year for Africa and Australia.
These values refer to full fossil energy based irrigation. How-
ever, when looking at FAQO statistics on irrigation one can assume
that only a 50% of it is machine irrigated. So that this conver-
sion factor has been applied only to 50% of the area indicated
as irrigated (but in Australia).

(5) Pesticides—a flat value of 420 MJ/kg has been used for
both developed and developing countries. This includes packag-
ing and handling (Hesel, 1992). Values in literature vary between
293 MJ/kg for low quality pesticides in developing countries to
400 MJ/kg in developed countries (without including packaging
and handling).

(6) Other energy inputs—at the agricultural level there
are other technical inputs which are required for primary pro-
duction. For example, infrastructures (commercial buildings,
fences), electricity for on farm operations (e.g., drying crops),
energy for heating, embodied energy in vehicles and fuels
used for transportation. For this reason a flat 5% of the sum of
previous energy inputs has been adopted in this analysis. This
has been applied only to agricultural production in developed
countries.

Ill. THE RESULTS OF THE STUDY

A. The effect of changes in Demographic Pressure and
Bio-Economic Pressure

In relation to the 21 countries included in the sample we
report in Table 2:

(i) the actual land productivity (density of the internal supply
of food energy per hectare) and the threshold of the density
of production per hectare that would be required to be self-
sufficient according to the demographic pressure;

(ii) the actual labor productivity (intensity of the internal
supply of food energy per hour of labor) and the threshold of the
density of production per hour of labor that would be required
to be self-sufficient according to the Bio-Economic Pressure.

The pattern of correlation of the two values of: (i) actual
density of food energy supply per hectare of arable land in
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TABLE 2
A comparison between levels of productivity per ha and per hour: (i) actually achieved, and (ii) needed for self-sufficiency

Demographic

Bio-Economic

Land Pressure Labor Pressure
Productivity (needed for Poductivity (' needed for
(actual Supply) self-sufficiency) (actual Supply) self-sufficiency)
(GJ/Ha) (GJ/Ha) (MJ/hr) (MJ/hr)
Country 1991 2003 1991 2003 1991 2003 1991 2003
Argentina 14,8 22,8 6,4 7,3 137,3 226,3 59,1 72,5
Australia 6,9 12,8 2,7 4,4 3442 700,1 135,3 238,8
Bangladesh 35,6 54,0 41,1 62,1 4,6 5,8 53 6,6
Burundi 15,1 14,1 15,4 14,8 3,5 2,9 3,5 3,1
Canada 13,3 13,1 6,7 9,4 712,8 943,2 359,4 679,3
China 42,5 40,2 44,5 41,9 5,6 6,1 5,9 6,3
Costa Rica 31,9 41,6 30,5 44,7 26,6 33,5 254 36,0
Egypt 84,8 93,3 136,1 146,3 14,6 18,7 23,5 29,4
France 46,3 42,7 25,3 27,7 3414 535,3 186,7 346,9
Germany 54,1 57,1 49,2 58,6 209,9 390,5 190,9 400,6
Ghana 16,0 17,6 17,3 19,2 8,0 9,6 8,6 10,4
India 18,3 22,3 18,6 23,6 6,6 6,9 6,8 73
Italy 14,4 28,3 15,3 39,8 42,5 130,6 45,1 183,7
Japan 50,5 50,4 1414 147,1 29,6 51,7 82,9 150,9
Mexico 16,6 20,6 20,7 29,2 25,3 33,2 31,5 47,0
Netherlands 1125 1219 166,5 210,3 166,4 253,4 246,2 437,2
Spain 16,8 21,9 17,2 27,4 92,4 175,7 94,6 220,0
Uganda 11,8 15,7 12,0 16,7 5,3 5,9 54 6,3
UK 53,6 61,3 55,7 75,0 296,1 349,3 307,8 427,4
us 20,1 27,1 16,8 21,9 526,7 836,4 439,6 673,8
Zimbabwe 11,2 8,7 10,6 11,5 5,2 4,1 4,9 54

production; and (ii) needed density of food energy supply per
hectare of arable land to be self-sufficient is illustrated in Figure
1. The graph shows that the original correlation found in 1991,
remained throughout the time window—the movement of the
values over time has been on a diagonal to arrive to the points
recorded in 2003. This confirms the findings of previous studies
(Giampietro, 1997b; Conforti and Giampietro, 1997). That is,
the countries that have high demographic pressure (DP) tend to
have a high production of food energy per hectare. The group
of countries that have the highest demographic and land pro-
ductivity are the Netherlands, Egypt and Japan. Another cluster
includes the United Kingdom, Germany and Bangladesh. For a
cluster analysis over this type of comparison see Conforti and
Giampietro (1997).

In other words, current technological performance in agri-
culture in terms of yield per hectare is affected by existing
demographic pressure.

The same analysis, referred to the intensity of food produc-
tion (actual versus needed) per hour of labor is illustrated in
Figure 2. The two values of: (i) actual intensity of food energy

supply per hour of work in agriculture in production; and (ii)
needed intensity of food energy supply per hour of work in agri-
culture to be self-sufficient, originally correlated over the sample
in 1991, keep the same pattern in 2003. Also in this case the

FIG. 1. Land productivity versus demographic pressure.
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FIG. 2.

movement of the values has been on a diagonal. That is, the
countries that have a high Bio-Economic Pressure tend to have
also a high production of food energy per hour of labor in their
agricultural sector.

In this analysis we can observe three groups for developed
countries, which all have increased their intensity of the flow
of energy per hour over the given time window: (a) those that
had the BEP already very high: USA by 53%, and Canada by
89%; (b) those that had medium high: Australia by 76%, France
by 85%, Germany by 109%, UK by 53% and Netherlands by
77%; (c) those that had a BEP low in relation to the standard
of developed countries: Spain, Japan, and Italy. All the other
developing countries remained more or less stable in relation
to the intensity of production per hour (as will be discussed
later). Argentina is a special case, being a country which is an
important food exporter with abundant land per capita. Hence,
this analysis confirms that technological performance in agri-
culture in terms of actual labor productivity is definitely affected
by changes in Bio-Economic Pressure (which reflects increas-
ing levels of consumption), but this effect is more evident in
developed countries.

What are the implications of this fact? The idea that the var-
ious countries included in the sample strive for self-sufficiency
in food production is, of course, a simplification of reality. We
all know that in a globalized world international trade plays a
significant role in stabilizing equilibrium between the require-
ment and supply of food (Giampietro, 1997b). As a matter of
fact, the majority of the countries included in this sample are
net food importers (see Table 1). Still, it is important to observe
that even those countries that heavily rely on food imports, e.g.,

Labor productivity versus bio-economic pressure.

Japan, because of their high demographic pressure tend to use
in a more intensive way their land in order to produce as much
as possible food on their own land.

In general terms we can say that the effect of demographic
growth has implied that the arable land per capita has been de-
creasing over all the 21 countries, when considering the differ-
ence between 1991 and 2003. However, as illustrated in Figure
3, the overall decrease in arable land per capita does not coincide
with an analogous reduction in arable land per farmer. In fact,
a dramatic reduction of the number of farmers in the economy
of modern societies, can offset the reduction of arable land per
capita due to an increase in DP and imply an increase in arable
land per farmers due to an increase in BEP.

For instance, looking at our data set the arable land per
capita in 1991, this value is about the same for the United
States (0.72 ha) and Argentina (0.83 ha) whereas the arable land
and permanent crops per agricultural worker is much larger
in the United States (52 ha) than in Argentina (18 ha). The
same type of difference, determined by the difference in the
fraction of farmers in the work force of the two countries, re-
mained in 2003. The arable land per capita was still similar
in the U.S. (0.59 ha) and for Argentina (0.75 ha) in 2003.
Still, again, the amount of arable per farmer was much large
in the U.S. (61 ha) than in Argentina (19 ha) due to the much
smaller percentage of farmers in the labor force in the United
States.

Similarly, densely populated European countries, such as
Germany France, Italy and the UK, have limited amount of
arable land per capita—in the range of 0.12-0.20 ha per capita.
These values are comparable with the values of arable land
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FIG. 3. Arable land per capita versus arable land per farmer.

available per capita in India or Burundi. However, the percentage
of farmers in the work force of European countries (around 2%
in 1991 and around 1.5% in 2003) is much smaller than the
values found in developing countries (e.g., 49% in 1991 and
47% in 2003 for Burundi or 42% in 1991 and 38% in 2003 for
China). This implies that, at the same level of DP, the amount
of arable land per farmer is larger in countries having a higher
level of BEP.

This last observation requires looking at another relation im-
plied by the theoretical framework adopted in this study. The
increase in Bio-Economic Pressure (the reduction of the fraction
of farmers in the work force) is directly associated with the level
of economic growth—the level of GDP—of a society. As illus-
trated in Figure 4 both the fraction of the work force in agricul-
ture and the fraction of GDP from agriculture decrease dramati-
cally for countries with high levels of GDP. No developed coun-
try has a percentage of work force in agriculture larger than 5%.
The pattern is pretty robust over the considered time window.

B. Technological Inputs Dealing with Increase in
Demographic Pressure (How to Boost Land
Productivity with Irrigation and Fertilizers)

1. lrrigation

Irrigation is a costly way to augment the yield per hectare.

Apart from scarcity of water (Postel, 1997), irrigation requires

expensive fixed investments and large energy inputs for opera-

tion. For example, a corn crop producing 9,000 kg/ha requires
about 7 million liters of water (Pimentel et al., 2004). Irrigated

corn in Nebraska requires three times more fossil energy than a

rainfed corn crop in eastern Nebraska producing the same yield

(Pimentel et al., 2004). The relationship between land availabil-
ity and the use of irrigation for the sample of selected countries
is shown in Figure 5. It shows that the more a country is faced
with land constraints, the more its agriculture relies on irriga-
tion. Exceptions are Burundi, Ghana, Uganda, and Zimbabwe,
which are located in the humid tropics or subtropical areas of
Africa and have sufficient rainfall (we are referring to national
averages).

When checking the relationship between changes in GDP per
capita and changes in the use of irrigation over the period 1991
and 2003 we find (as illustrated in Figure 6) that increases in
Bio-Economic Pressure associated with increases in GDP p.c. do
not necessarily translate in an increase of irrigation (Giampietro,
1997b; Giampietro et al. 1999). This analysis confirms the point
that the input of irrigation is applied to augment the yields per
hectare, and that therefore it is not directly related to the need
of increasing the productivity of farm labor.

2. Nitrogen fertilizer

The rise of N in fertilizer has increased worldwide of about
150% in many crops (Frink et al., 1999). In addition to its
growing use, the N fertilizer is the most ‘expensive’ technical
input in terms of fossil energy. This is the reason why we are
focusing on the use of the N fertilizer as the representative of
the entire class of fertilizers.

The relationship between land availability and use of nitro-
gen fertilizer, shown in Figure 7, indicates that agriculture in
countries with land shortage tends to use as much fertilizer as
possible. Like for the input of irrigation we can say that—when
considering the picture obtained at a large scale—the input fer-
tilizer is applied to augment yield per hectare. That is, the use
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FIG. 4. Economic development and marginalization of the agricultural sector (NOTE Fig. 4a and 4b are provided also as attached files).

FIG. 5. Land availability versus use of irrigation.
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FIG. 6.

of this input is not directly related to the need of increasing the
productivity of farm labor.

When nitrogen use is put in relation with GDP per capita
(Figure 8), we can see a clear division between developed and
developing countries. Within each of these two groups, nitrogen
use appears to be related to scarcity of arable land (according to
the pattern observed in Figure 7). Changes related to changes in
GDP (the differences between the year 1991 and 2003), shows
that in some countries—notably The Netherlands reducing the
consumption of 43%—the consumption of fertilizer has been
adjusted, optimizing its use in relation to economic performance
and environmental impact (reducing the leakage of P and N in
the water table).

C. Technological Inputs Dealing with Increase in
Bio-economic Pressure (How to Boost Labor
Productivity with Machinery)

1. Machinery

The relationship between machinery per farmer and GDP per
capita for the 21 selected countries is shown in Figure 9. The
use of tractors does indeed appear to be related to the level of

GDP, which in turn translates into the need to achieve high labor

productivity for farmers. Although densely populated countries,

such as Japan and some of the European countries with limited
amount of arable land, make this relation nonlinear.
Inthisgraph itis clear that tractors are used only by developed
countries with the exception of special countries having the
option of becoming grain exporters (Argentina in our sample).
A crucial factor determining the use of tractors is land avail-
ability, which depends on the available land per farmer—this is
to say on demographic pressure, economic development and
land tenure. This relation is illustrated in Figure 10, which

GDP versus arable land irrigated.

puts tractor use per farmer in relation to land availability per
farmer.

From this graph one can see that agricultural sectors facing
shortage of arable land are less likely to increase their use of
machinery per farmer, especially in developing countries. By
looking at the changes taking place in developed countries we
can notice that the use of Tractors and Harvesters reflects the
effects of high levels of Bio-Economic Pressure determining a
tiny working force in agriculture.

D. Limited Substitutability of Natural Capital with
Technological Inputs

Most of the countries of the world are now to some degree
dependent on food imports. These imports come from cereal
surpluses produced in only a few countries that have a relatively
low population density and intensive agriculture. For instance,
in the year 2003, the United States, Canada, Australia, and
Argentina provided about 45% of net cereal export on the world
market (FAO, 2005).

It is easy to guess that if the Demographic Pressure (DP)
increases also in exporting countries, they will see their internal
grain demand increase and their available arable land per capita
decrease. Let us remind here that the value of DP is not only
affected by population growth, but also by changes in the diet
towards more meat consumption, as the ones reported by Pingali
(2006) for Asia. This is so because in the calculation we also
include feedstuffs for animals. Under these conditions the cereal
grain surplus now exported on the international market may be
seriously eroded. This will make even more important the chal-
lenge determined by the continuous increase in demographic
pressure in those countries which are already importing
food.
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FIG. 7.

As discussed in the introduction many developing countries
rely heavily on fossil energy, especially in form of fertilizers, to
sustain their internal food supply. A future slow down of fossil
energy consumption because of either a decline of oil supplies,
increase in oil prices, or growing restrictions on fossil fuel use to
limit its environmental impacts may very well generate a direct
competition between fossil energy use in developed countries,
to sustain a high standard of living, and that in developing coun-
tries, to provide an adequate food supply for survival (Pimentel

Arable land versus nitrogen fertilize.

and Giampietro, 1994b). The recent food crisis generated by
large scale agro-biofuel production can be interpreted as a first
example of this problem (Giampietro and Mayumi, 2009).

On the other hand, it is obvious that the ability of boosting la-
bor productivity of farmers by using more machinery makes only
sense in presence of the availability of a large amount of arable
land per farmer. The relation between arable land per farmer
and labor productivity is shown in Figure 11. This figure shows
that at a given point in time, there is a clear relation between

FIG. 8. GDP versus Nitrogen fertilizer.
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FIG. 9. GDP versus tractors-harvesters.

availability of arable land and labor productivity. This relation,
however, can be established only by the use of an increasing
amount of tractors. This is to say that countries like Australia,
Canada, and the United States have the highest labor productiv-
ity but also the largest use of machinery and the largest use of
arable land per farmers—the three things go together. Actually,
the major increase in productivity of labor in these countries
can be associated to a major increase in the use of machinery,
e.g., Australia had an increase of 100% in the crop output: from

700 MJ/worker/year in 1991 to 1400 MJ/worker/year in 2003.
The possibility of intensifying the use of tractor per farmers,
however, depends on the availability of a huge amount of arable
land (e.g., more than 100 ha) per agricultural worker.

Different is the situation of the other European countries
where agriculture is evidently subject to severe biophysical con-
straints in terms of shortage of arable land per farmer (when
compared with Australia or the United States), a consequence
of demographic pressure.

FIG. 10. Arable land versus tractors-harvesters.



FOOD SECURITY AND FOSSIL ENERGY 59

FIG. 11. Agricultural output versus arable land.

E. Technological Inputs and Demographic and
Bio-Economic Pressure

The relationship between productivity of land and produc-
tivity of labor in agriculture is depicted in Figure 12 and reveals
some interesting trends. For instance, the United States and
Canada agriculture have a lower performance in terms of yield
per hectare than agriculture in Bangladesh, China, Costa Rica,
Ghana, Egypt, and the European Union.

On the other hand, U.S. agriculture has the best perfor-
mance in terms of labor productivity. China, with its huge
population, suffers such a severe shortage of arable land that
all technological and fossil energy inputs appear to go into
raising land productivity with little regard for farm labor
productivity.

The Netherlands and Egypt have a high land productivity
increasing from 1991 to 2003 as well as the labor productivity.
This pattern, however, is not present in other countries. These
data indicate that for the 21 agricultural systems studied, the
purpose of energy and technological inputs used in agriculture
is not necessarily the same. Differences are related to differ-
ent definitions of ‘efficiency’ for agriculture depending on the
different levels of bio-economic and demographic pressure af-
fecting societal choices.

F. The Overall Pattern of Energy Consumption in
Agriculture

The consumption of fossil energy in agriculture can be di-
vided in two categories: direct and indirect. Direct consumption
of energy refers to the consumption of fuels for operating ma-
chineries, irrigation pumps, heating greenhouses and the moving
loads, the consumption of electricity for drying crops, heating
and illumination—that is energy spent in the agricultural sector.
Indirect consumption of fossil energy refers to the energy spent

in the industrial sector for the production of the technological in-
puts used in agriculture. This indirect consumption includes the
production of fertilizers and pesticides (in the chemical sector),
the fabrication of machinery (in the mechanical sector) and the
fabrication of other infrastructures. For this reason, it is normal
to find a discrepancy between the estimates of energy consump-
tion of the agricultural sector found in national statistics and the
estimates based on the accounting of direct and indirect fossil
energy consumption, which include also the embodied energy
in the technical inputs.

To clarify this issue, an overview of the contribution of the
different forms of energy is provided in Table 3. In relation to the
calculation of this table, we assumed in other inputs a flat rate
of 5% of the sum of other technical inputs required for primary
production; for example, infrastructure (commercial buildings,
fences), electricity for on-farm operations (e.g., drying of crops),
energy for heating and energy inherent in use of vehicles and
fuels for transportation (Giampietro, 2002).

When interpreting this data set against the rationale adopted
in this study, we can observe that countries with high GDP per
capita and high demographic pressure, such as Japan and the
Netherlands, have a high consumption of fossil energy both per
hectare and per worker. Countries with high GDP per capita but
relatively low demographic pressure, such as the United States,
Canada, and Australia, have high consumption of fossil energy
per farmer (to achieve high labor productivity) but relatively low
energy consumption per hectare of arable land. Between these
countries we can observe in European countries like France,
UK, Germany, Italy and Spain. The opposite is true for countries
with high population density and low per capita income, such
as China and Egypt, which basically invest important amount
of fossil energy, but only to boost the productivity of food per
hectare.



60 N. ARIZPE ET AL.

FIG. 12. Output of land productivity versus output of labor productivity.

This observation suggests that we should expect a mosaic
of different solutions to the challenge of a sustainable food
production, especially when considering that other biophysical
constraints, e.g., availability of water, soil, climatic conditions,
and ecological constraints, e.g., the level of destruction of natural
habitats, which are needed for biodiversity preservation, are
different in different areas of the world. This is to say, that it
is not reasonable to expect that the future technical progress of

agriculture, even when discussing of agro-ecological solutions
should be obtained by implementing a common pattern all over
the world. Rather than looking for technological packages to
be applied all over the planet (extensive adaptation), without
regards for the local specificity, we should be looking for specific
solutions tailored on the specificity of different situations. When
dealing with the sustainability of agriculture “one size does not
fitall.”

FIG. 13. Total fossil energy per hectare versus per hour.
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IV. CONCLUSION

The analysis presented in this paper clearly shows the exis-
tence of huge differences in the situation experienced by farm-
ers operating in different contexts (e.g., developed countries
versus developing countries; very populated countries versus
sparsely populated countries). These differences may be fur-
ther boosted, in the future, by existing trends of demographic
and economic growth. In fact, there are countries in Africa and
in America and Asia where population is still growing faster
than GDP and countries where the GDP is growing faster than
population.

When considering socioeconomic constraints, due to the re-
quired high level of investment per farmer (Giampietro, 2008;
Giampietro and Mayumi, 2009), in many developing countries it
would be impossible to follow the “Paradigm of Industrial Agri-
culture” which has been implemented in developed countries.
In fact, replacing the work of farmers with expensive pieces of
machinery and huge injections of technical inputs requires the
availability of a lot of capital, the existence of consumers capa-
ble of buying expensive food, and the possibility of absorbing
the vast majority of rural population into cities where they can
work in the industrial or the service sector with productivity
that (in economic terms, not in physical terms) is higher than in
the villages they left behind. Many developing countries do not
have enough money to invest in a capitalization of their agri-
culture, nor rich consumers which can buy expensive food, nor
an economy which can offer well paid jobs in the cities. This
point is in favor of alternative techniques of production based
on a low dependence on external inputs. As a matter of fact,
when looking at the changes in the use of technological inputs
over the time window considered in this study, we can notice
that tractors, nitrogen and irrigation have increased at the world
level, but at considerable different rates in Africa and Europe.

When considering biophysical constraints, a continuous in-
crease in demographic pressure results in the requirement of a
continuous increase in food production. Since the best arable
land is already in use, this translates into the need of bringing
new land under production, expanding irrigated land area and
applying Green Revolution technologies also on marginal land.
In many countries in Africa, Asia and some countries in South
America this translates into a continuous expansion of agricul-
tural production into fragile and ecologically sensitive regions,
where yields are lower than in fertile land. This requires a larger
use of technical inputs with lower economic return and a much
larger environmental impact in terms of loss of habitat for bio-
diversity preservation. To make things worse, economic devel-
opment not only tends to reduce the number of farmers, but also
to change the mix of food products in the diet of the growing
urban population. As a consequence of this fact, in developing
countries more people are eating more animal products (dairy
and meat). This translates into an increasing quantity of grains
consumed per capita, for the supply of animal products. That is,
the combination of population and economic growth translates
into a major boost in the requirement of food production, and

therefore a major boost to the stress on terrestrial and aquatic
ecosystems.

Nobody can predict the future of agriculture in 50 years
from now. What we can say is that it is very unlikely that the
future technical development of agriculture will continue by
doing “more of the same” as done right now. For this reason it is
important to study alternative systems of agricultural production
capable of generating a diversity of performances, which can be
selected in different contexts in relation to different criteria and
different typologies of constraints.
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Sustainable and productive agroecosystems must be developed
that will meet today’s needs for food and other products, as well
as preserving the vital natural resource base that will allow future
generations to meet their needs. To increase production efficiency,
to improve farming strategies based on local resources, and to
design systems that are resilient in the face of changing climate
require thorough understanding of the ecology of agricultural
systems. Organic and sustainable farmers have developed many
production practices and integrated crop/animal systems that
are finding application in more conventional farming enterprises.
While they do seek greater resource use efficiency and substitution
of more environmentally benign inputs to replace chemicals used
in conventional farming, sustainable farmers increasingly depend
on thoughtful redesign of production systems to provide internal
management of soil fertility and pests, careful use of contemporary
energy and rainfall, and reliance on internal resources rather than
imported inputs. Evaluation of systems based on productivity,
sustained economic return, viable environmental indicators, and
equitable social consequences of agricultural production are
central to future sustainable farming and food systems.
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I. INTRODUCTION: ECOLOGICAL PRINCIPLES IN
AGROECOSYSTEMS

An important perspective that has shaped our current thinking
about sustainability was suggested by the definition in the report
of the World Commission on Environment and Development.
In the report Our Common Future (WCED, 1987), a logical
and functional definition of sustainability emerged: “Humanity
has the ability to make development sustainable — to ensure
that it meets the needs of the present without compromising
the ability of future generations to meet their own needs” (p.
8). Similar planning was common to Native American groups
who made important decisions based on projecting the impacts
for seven generations into the future: "In every deliberation we
must consider the impact on the seventh generation ... even if
it requires having skin as thick as the bark of a pine," from
Great Law of the lroquois (Murphy, 2001). Henry Wallace,
former Secretary of Agriculture and Vice President, called for
the durability of agriculture (White and Maze, 1995). More
recently these concepts have been incorporated into research
and education programs that focus on structure and function of
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whole systems, and often conducted under the term Agroecol ogy
as the ecology of food systems (Francis et al., 2003; Gliessman,
2007). In simple terms, thoughtful people across the ages have
concluded that we should leave the world to our children in a
better condition than the way we found it.

This paper describes the vital role of ecology in shaping
the design of sustainable food production systems. Principles
of biodiversity, systems resilience, and interconnectedness of
components are now being applied in planning research and
designing education (see Francis et al., 2011, this issue). Most
important to systems success are managing soil fertility, crop
and animal pests, and integrated farming strategies with di-
verse crop and animal species dispersed across the farm and
rural landscape, and taking into account their impacts on the
environment, families, and communities. A useful framework
for discussion was provided by MacRae et al. (1990), who de-
scribed improving system performance by increasing efficiency,
substituting less costly or more environmentally sound inputs,
and ultimately redesigning farming systems to better meet farm
family’s and society’s needs. We conclude with visions of future
farming systems, where ecological principles and lessons from
organic farming increasingly impact the entire food production
and consumption network.

As described in several articles in this issue, it is valuable to
examine the sustainability of current conventional agricultural
systems and practices and compare this to potential sustainabil-
ity of alternative practices and systems. Because of the growing
research base and increasing understanding of certified organic
production systems, these non-synthetic chemical methods of
farming provide one convenient option against which to com-
pare conventional systems. Yet this is not the only way to achieve
greater sustainability, and in fact every farmer would likely list
long-term sustainability of production and profit as essential
goals for improved farming systems. In a recent book Devel-
oping and Extending Sustainable Agriculture: a New Social
Contract (Francis et al., 2006), a wide range of practices and
system changes has been summarized, including the essential
environmental and social outcomes of alternative systems. An
important focus of this article is on impacts of farming beyond
production stability and profits, in keeping with the results of
the National Academy of Science report that calls for a greater
attention to the multiple outcomes of agricultural research and
especially its influence on rural communities (National Research
Council, 2003).

Attention to these multiple dimensions of the farming system
and the many and complex interactions among farming practices
is typical of farmers seeking to develop a sustainable agricul-
ture, and particularly those farmers who are certified for organic
production (Drinkwater, 2009). Increases in farm size and need
for efficiency of labor use have led to specialization and mono-
culture in most conventional farming operations, and a common
strategy has been to simplify and homogenize the production
environment and control as many factors as possible (Meffe
et al., 2002). Rapid adoption of transgenic technologies such
as Roundup\¥ resistant maize and soybeans and several crop

species with incorporated Bt have further simplified manage-
ment of weeds and insects. Yet exclusive use of this technology
has accelerated the selection of resistant weeds (330 biotypes,
Weed Science Society of America, 2008) and resistant insects
(over 500 biotypes, Aldridge, 2008). We are learning from this
rapid emergence of genetic resistance to pests that diversity in
pesticide use is important to slow the process. In contrast, the
introduction of biodiverse crop rotations and in-field spatial di-
versity includes options for smaller scale organic systems that
can help manage pest problems without synthetic chemicals
(Liebman and Davis, 2009; Bird et al., 2009). This is one exam-
ple of the importance of ecological principles that are needed in
design of farming systems, a topic expanded in later sections.

Before moving to specific examples of sustainable practices
in conventional and sustainable systems, it is useful to sum-
marize the major differences or characteristics of systems that
are generally categorized in these two groups. Table 1 lists a
number of key characteristics that help identify and contrast the
resource use and types of practices that result from two different
philosophies in farming.

The contrasts are obviously not absolute, for example, as all
farming systems in the field depend on incident solar radiation
and rainfall plus moisture stored from winter snows. There is
fossil fuel used for land preparation, tillage, and harvest in both
types of systems. But the use of synthetic chemical fertilizers
and pesticides that are essential in conventional systems rep-
resents a suite of practices that are not used in many organic
and sustainable systems. In such alternative systems, there is of-
ten greater efficiency of input use, substitution of other inputs,
and redesign of systems to avoid the need for these chemical
inputs.

The methodology used to draw comparisons among farming
systems described by MacRae et al. (1990) needs further expla-
nation and concise examples. Increasing efficiency of input use
and system performance are high on the agenda of all farmers,
in order to reduce costs of materials and labor. An example is
reducing nitrogen application rates as a result of careful soil
sampling, analysis, and interpretation of results. The next step
up the ladder is substituting one input or practice for another,
for example replacing a maize hybrid with one more tolerant
to drought to reduce irrigation needs, or substituting a broad-
spectrum herbicide for cultivation in order to manage weeds
and keep them below the economic threshold. The most complex
step is redesign of systems, for example establishing a long-term
rotation that includes legumes and cereals, summer with winter
crops, or pastures with annual crops in order to achieve more
sustainable systems. These principles — efficiency, substitution,
redesign — are used in the following sections to describe how
researchers are providing new information to improve produc-
tivity and profit, and how farmers are adopting these measures
in their whole-farm systems.

An overview of the planning process for rotations is found
in Figure 1, a schematic that begins with the philosophy and
goals of the farmer and results in a profitable and environmen-
tally sound rotation. The natural resource endowment of each
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TABLE 1

Comparison of conventional versus sustainable farming systems.

Characteristic

Conventional System

Sustainable System

Primary energy source

Source of nutrients

Pest management

Crop cultivars

Tillage

Crop rotations

Farm size

Labor source

Crop/animal integration

Number of crops and other en-
terprises/farm diversity

System resilience

Level of biodiversity on farm

Fossil fuels + sunlight

Chemical fertilizers

Chemical applications

Maximum yield potential, GMOs in many
systems

Moving toward no-till with chemical herbi-
cides

Short rotations to maximize profits from two
crops

Large, and goal often to expand

Family plus hired labor for expanded farm
size

Specialized in either crops or livestock

Limited to two crops, sale to conventional
buyers

Low, subject to changes in markets, fuel costs

Low, with monoculture crops and two-year

Contemporary sunlight

Manure, compost, rotations, cover crops

Crop rotations, resistant cultivars, tillage

Sustainable yield with moderate inputs, no
GMOs

Tillage for weed management

Long rotations to seek pest management and
fertility

Small to moderate, goal is to stabilize opera-
tion

Family only (if possible) plus hired for spe-
cialty products

Crops and livestock integrated on farm

Diverse mix of crops/animals and sale of di-
verse products

Moderate, income sources buffered by diver-
sity

Moderate to high, with many crops + live-

rotation

stock

place and knowledge of farming by the manager of the current
operation will dictate in large part how much efficiency can be
achieved by modification of input use. Substitution of inputs is
possible and desirable if the change is in concert with overall
goals and philosophy, and if there is labor, equipment and man-
agement skill to implement the change. Redesign of a system
requires much more information, often new or different equip-
ment, and may or may not need more labor. Implementation
that follows the design phase will lead to results that may in-
form further changes in the system. Thus, an iterative process
in management is based on lessons learned, and how any modi-
fication of the system makes it more productive, more resilient,
and ultimately more profitable over time.

We conclude with an exploration of a future vision for farm-
ing systems that is based on ecological principles. This strategy
builds on information presented in sections on soil fertility, crop
and animal protection, and system design with crop/animal in-
tegration. Finally, we discuss ways that organic farming and
other alternative methods are influencing mainstream farming.
There is growing awareness of the unintended challenges that
are emerging from our highly specialized current agricultural
systems, and we present alternatives that are ecologically sound
and provide promise for more resilient and resource-efficient
food production systems for the future. Concepts for this dis-
cussion build on recent reviews by Kirschenmann (2009) and
Francis and Hodges (2009).

II. MAINTAINING SOIL FERTILITY

Efficiency of fertilizer use is one management goal in con-
ventional agriculture driven by high energy prices and environ-
mental regulation. Even the suggestion of applying more than
recommended rates of nitrogen or other nutrients to assure max-
imum yields is today largely a thing of the past. Economics dic-
tate against such practices, and concern about leaching through
the root zone and loss by surface soil erosion further reduces
the likelihood of overapplication of chemical fertilizers. Sub-
stitution of green manures as cover crops, animal manure and
compost, and grain legumes in the system provide valuable al-
ternatives in organic systems that differentiate them from large-
scale, conventional operations (Magdoff and van Es, 2009). Sys-
tem redesign to enhance or maintain soil fertility is closely tied
to rotations, crop choice, and crop/animal systems, all discussed
in later sections.

One of the most important research studies on fertilizer appli-
cation rates, as based on soil test laboratory recommendations,
was conducted by Prof. Robert Olson and colleagues at Univer-
sity of Nebraska. They sent soil samples from the same field and
plots to five laboratories, and applied the recommended fertil-
izer package to maize each year for ten years. At the end of this
period, costs of the recommended package from four commer-
cial laboratories were twice those of the recommendation from
the university soil test laboratory, while maize yields were the
same in all five treatments. The results caused a minor revolution
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Farmer and Farm
Family Philosophy

y

Specific Farm and
Future Goals

.

Income Goals and
Family Needs
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Natural Resources & Local and Distant
Enterprise Options Market Options

Crop, Livestock & Available
Integration Options Equipment

, , ,

Design of a Productive, Profitable,
Ecologically Sound Crop and Pasture
Rotation

Available
Labor

l—]

Match Fields with Crop and Animal Enterprises,
Creating Natural Habitat, Diversity in Landscape

v

Revise Plans according to Results, Redesign Rotations to Meet
Changing External Forces such as Changes in Technology and
Markets and Evolving Family Needs

FIG. 1. Flow chart of planning decisions for sustainable field and farm rota-
tions (inspired by Johnson and Toensmeier, 2009).

in the soil testing community, and now there are more rational
recommendations from most laboratories that are based on crop
response and economic return. Current recommendation based
on this landmark research as applied in a pragmatic economic
approach are provided by Nebraska Extension (Hergert, 2009).

Another major advance toward fine-tuning nitrogen appli-
cation rates was the late spring test developed by the late Dr.
Fred Blackmer (Blackmer et al., 1989). Soil cores 12 inches
deep are taken and samples analyzed for available nitrate, and
additional applications made as needed (Creswell and Edwards,
2001). This practice was reported to reduce N applications by
lowa farmers on average 50 kg/ha, saving both production costs
and reducing pollution to ground and surface waters. This is
especially important when applied manure is part of the fertility
program, and it is difficult to predict how much N will be re-
leased each year due to effects of temperature and soil moisture.
Further refinement of N and other nutrient needs and how to
provide for them efficiently with chemical fertilizers is a subject
of current research. Variable rate application potentials of new
equipment make possible the use of GPS-driven systems that
can correlate yield maps with nutrient needs.

These are high-tech strategies to determine nutrient appli-
cation rates in chemical agriculture, but there was substantial
research conducted on substitution-type alternatives early in the
last century. Prof. William Albrecht of University of Missouri
(Walters and Albrecht, 1996) was a pioneer in seeking alterna-
tive methods of providing nutrients to plants. His early work
on use of cover crops, manure, and rotations could have easily
set the standard for an ecologically-based soil fertility manage-
ment strategy for major crops in the United States. Yet after
the Second World War the rapid expansion of nitrogen fertil-
izer production drove the system in another direction. Much of
Albrecht’s research is cited today as one of the foundations for
organic farming practices to maintain soil fertility.

One further example of improving efficiency in conventional
systems comes from the on-farm research by Ed Penas of Uni-
versity of Nebraska, who compared large plots with applied
starter fertilizer to those without (Hergert and Wortmann, 2006).
Working with farmers, he found that often starter fertilizers pro-
vided a profound visible effect on crop appearance in the early
stages, but in only about ten percent of these fields were there
economic increases in crop yields. Starter fertilizer was effec-
tive only in those fields and years where a cool spring retarded P
release, in sandy soils with low organic matter, in soils with low
P levels, and in some high pH soils. The additional low addi-
tion of nutrients at planting was valuable to get the crop started.
In most cases, however, starter fertilizers were only an added
expense to the farmer, one that did not pay off economically at
harvest.

SQubstitution of other nutrient strategies for applied chemi-
cal fertilizers or choice of less expensive products are two ways
that conventional farmers reduce costs in cereal production. The
move from granular fertilizer to urea and anhydrous ammonia
over several decades is a clear example of this type of substi-
tution. The liquid sources of N are both more concentrated and
more easily applied, thus saving material, application, and la-
bor costs (Ebelhar et al., 2007). These strategies can be coupled
with accurate soil tests and cautious interpretation of results into
lower application rates to reduce costs in conventional systems.

Most often used in organic systems or those in which crop
and animal enterprises complement each other on the same farm
are applications of composted or raw manure. About half of the
applied soluble nutrients in either compost or manure is available
in the first year after application, and as a general guide half of
what remains is available in the succeeding year (Magdoff and
van Es, 2009). Use of on-farm or nearby sources of nutrients is
an excellent strategy for substitution for purchased fertilizers if
manure is available from livestock or poultry, yet separation of
animal production from crop production in most Midwest farms
precludes this potential for integration.

In conventional systems, one of the practices used to reduce
inputs or to make more efficient use of available fertilizer or
water is to substitute one crop for another or a new cultivar for
an older one. Before the Green Revolution in rice in Asia, there
was limited chemical fertilizer applied to rice because the tall
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Oryzaindicavarieties produced excessive vegetative growth and
lodged before harvest. Crosses with the much shorter O. japon-
icavarieties produced new cultivars such as IR-8 and its succes-
sors that would respond with higher grain production and less
lodging (Evans, 1998). Farmers substituted both a new variety
for traditional ones and a new chemical fertilizer strategy for one
formerly based on local, biological sources. This is an obvious
cultivar by fertilizer interaction and a useful emergent property
of the new system. This strategy is widely used in production of
semi-dwarf wheat and other cereals that respond to N fertilizer
with higher grain yields, and not excessive vegetative growth.

Grain sorghum production area increased and the crop re-
placed maize in Nebraska for several decades in the past century
due to its perceived resistance to drought and better water use
efficiency. Maximum area in sorghum was 800,000 ha in the
1970s. As irrigation expanded and maize breeders incorporated
better drought tolerance into new hybrids, many fields shifted
back to maize, and today there are 100,000 ha of sorghum in the
state. Maize also has traditionally enjoyed a 5-10% higher mar-
ket price, and is an easier crop to handle. This change represents
a crop species by available water interaction that is also influ-
enced by economics, farmer preference, and large investments
in research.

Substitution strategies for nutrient management in organic
and sustainable systems include use of compost and manure,
introduction of non-traditional soil amendments, and incorpo-
ration of other practices such as cover crops and rotations that are
discussed in the section on redesign of systems. Application of
composted manure and other organic nutrient sources is central
to most organic farming operations. For maximum preserva-
tion of nutrients, these materials should be incorporated in the
field soon after application. Contact with soil organisms and
access to moisture are increased by working the compost into
the soil, and there is more rapid release of available nutrients for
crops. Raw manure may also be applied in organic systems, but
this should be either injected in slurry form or incorporated as
soon as possible to preserve nutrients for crop use. The organic
certification rules state that no root crop can be harvested from
fields where manure was applied for a period of 120 days (Gold,
2007). Although manure and compost are preferred sources of
soil fertility, if animals are not part of the farming operation
this resource could be expensive if the hauling distance adds too
much to the price of nutrients.

There is a wide range of nontraditional soil amendments
available for organic farmers to maintain soil nutrient status.
The testimonials are convincing, and some research data are
available to show the positive results of application. In general,
there are more of the former, and most soil scientists are hesitant
to invest much time in research on these products. In an early
report from Rodale Institute (McAllister, 1983) there was a com-
parison of 20 such products in maize production in southeast
Pennsylvania. Several of the materials produced visible changes
including greener foliage, and a few actually increased yields.
The conclusions from the study, conducted by researchers ded-

icated to organic farming, were that none of the products was
harmful to the crop, but none provided an economic return that
would justify their application. Today these are mostly consid-
ered very expensive soil nutrients, although there are strong
proponents of such products.

Redesign of farming systems to incorporate more complex
rotations, green manures, intercropping practices, and other
forms of intensification of cycling and resource use is a cor-
nerstone of organic farming. Some of the practices are rele-
vant as well for the conventional farmer. Organic certification
rules under the NOP specify that no one crop can follow it-
self, and there must be at least one legume or sod crop in the
rotation. The concept of sequencing unlike species has a num-
ber of benefits, whether the rotation includes cereal—legume,
row seeded—drilled crop, summer annual—winter annual, or
annual—perennial crop. From the fertility and nutrient perspec-
tive, each of these patterns provides either a temporal or spatial
change in nutrient uptake from the soil. Cereals and legumes
have different crop nutrient requirements, and legumes capture
and fix nitrogen to provide for most of their own needs plus pro-
vide some N for succeeding crops. This depends on amount of
N fixed and the removal of N from the field with the harvested
crops. For example, much more N is harvested and exported
with a soybean crop than can be fixed: about 50 kg/ha of N is
removed by a soybean crop that yields 3 t/ha, while the grow-
ing soybean crop may only fix 80% of that much N during the
season. Compared to a cereal crop such as maize where there
could be over 60-70 kg/ha removed with a 10 t/ha crop, the
soybean could be considered a “nitrogen sparing” crop (Clegg
and Francis, 1993).

Systems that may be both spatially and temporally diverse
are discussed further under the sections on crop rotations,
crop/animal systems, and future design of farming systems.
This includes consideration of permaculture and agroeforestry,
as well as perennial polycultures that are envisioned for the
prairie landscape.

Il. ECOLOGICAL PEST MANAGEMENT

Efficiency of pest management in conventional systems in-
cludes a number of features that could be attributed to research
in sustainable agriculture, although it is difficult to separate
this influence from the drive toward reduced costs. Efficiency
depends on careful use of pesticides, choice of cultivars with
genetic resistance, and to some degree the use of crop rotations
for insect, weed, crop pathogen, and other pest control. There
are many potential ways to reduce costs by increasing pest man-
agement efficiency, especially through careful crop scouting and
adherence to integrated pest management (IPM) strategies. IPM
is one cornerstone of sustainable agriculture, and much of the
important work in California and elsewhere predated the current
drive toward greater sustainability.

Improved efficiency can be gained by reducing rates or num-
ber of applications when possible, rotating pesticide chemistry,
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and careful use of economic thresholds in making manage-
ment decisions. Reduced rates provide a rational way to lower
costs and potential environmental impacts, and they are based
on the assumption that chemical companies are conservative in
recommending high enough rates that are certain to control a
given weed situation or prevalent insect or pathogen. There is
a cost saving to the farmer in reduced product costs, although
application costs remain fixed. The disadvantages are that the
product may not work, and any guarantee by the supplier will
be negated by farmers not following label instructions. Yet this
strategy could be considered a transition step toward eliminating
the chemical pesticide in a more sustainable system.

Number of applications of pesticides can be reduced by care-
ful scouting of fields and monitoring of pests. An important
part of IPM is the economic threshold concept, where a con-
trol method is not applied unless a specific pest reaches the
point where the control costs will be more than returned by
increased production. WeedSOFT is an example of a computer
program for weed management decisions that was developed
by University of Nebraska Extension (http://weedsoft.unl.edu/
(accessed October 26 2009). A comprehensive web site that pro-
vides up-to-date scouting information for the Midwest has been
compiled by Extension Specialist Bob Wright at University of
Nebraska (http://entomology.unl.edu/fldcrops/ipm/insects.htm,
accessed September 16, 2009). This includes numerous guides
for managing irrigation, insects, pathogens, weeds, and soil fer-
tility, as well as providing pesticide safety information. It is
noteworthy that this was assembled by an entomologist steeped
in IPM, an early strategy for production sustainability.

Growing numbers of pest species that are resistant to chem-
ical control present new challenges to farmers and researchers.
Proponents of organic farming maintain that reduced rates and
fewer chemical applications will lower the pressure on pests to
mutate and develop resistance to pesticides. Requirements for
use of non-GMO hybrids of maize in a small refuge section of
each field represent one strategy to maintain a wild population
of insects, thus slowing the march toward resistance. On the
other side, chemical control proponents argue that reduced rates
will not manage insects properly and will allow more to escape
and develop resistance. The debate continues.

Substitution of resistant crop hybrids or varieties is one strat-
egy employed to reduce pest populations and crop damage, used
by both conventional and organic farmers. The growing organic
farming segment has created an increased demand for genetic
resistance, especially for insects and pathogens. The latter is
especially important since the fungicide treatment of seed is not
allowed in organic systems. This is an example of how an in-
crease in organic farming will spur development of new cultivars
that will also benefit conventional farmers. The major difference
is that conventional farmers can depend on transgenic technol-
ogy for pest resistance, while this is not allowed in certified
organic systems.

A large issue for organic farmers is the substitution of trans-
genic hybrids, for example maize and cotton with incorporated

Bacillusthuringiensis (Bt), for chemical methods of insect con-
trol. With the wide deployment of new hybrids that include this
trait, there is an inevitable result of insect resistance and loss of
this tool for organic farmers. Because of developing resistance,
chemical companies are trying to develop other incorporated
biological agents for insect control, but progress has been slow.
This is analogous to development of several different types of
chemistry for weed control, so that a farmer can use different
herbicide modes of action in a rotation of chemicals, and this
should drastically slow the shifts in weed species resistance or
tolerance to herbicides.

Substitution in organic systems includes use of non-chemical
products, changes in planting date and other practices, and
choice of highly competitive crops and varieties, plus appro-
priate crop rotations. All of these strategies are available to con-
ventional farmers, and all provide economically useful methods
except for the use of often expensive non-chemical products.
The increased value of organic products through premiums in
the marketplace, an option not available to conventional farm-
ers, may offset the higher costs of pest management in organic
systems.

Systems redesign to eliminate need for outside inputs is the
most desirable alternative, and is the strategy often used by or-
ganic or sustainable farmers. Increasing biodiversity, both tem-
porally through crop rotations and spatially through multiple
species plantings, represents a vital component of how organic
farmers think about pest management. Greater sustainability in
production can be achieved by using thoughtful design of crop
rotations that can reduce pest populations or spread of pests
across the landscape. Rotations of unlike species are discussed
in the next section, and represent one way to keep changing
the field habitat in order to reduce opportunity for pests to re-
produce and spread. At least a three-year rotation is needed to
suppress populations of maize rootworm (Diabrotica spp.) since
there has been development of an extended diapause in the in-
sect that makes a two-year rotation ineffective in some areas.
A seven-year rotation before returning to another potato crop is
recommended to control Streptomyces spp. that causes potato
scab disease. These practices are available to conventional farm-
ers as well.

One unique strategy of spatial rotation in conventional cotton
growing is found in Colombia, where there are two growing sea-
sons and two different regions that are appropriate for cotton. By
national agreement with the cotton farmers, the crop is planted
in the Cauca Valley in southwest Colombia in the first rainy
season each year, and on the north coast some 600 km away in
the second rainy season. This spatial separation prevents or at
least reduces the spread of insects from one field to another, and
in the high temperature of a tropical climate assures that pests
will not survive until the following season.

Spatial diversity includes use of multiple species systems
or highly diverse combinations such as permaculture or peren-
nial polycultures, strategies to keep pest populations below the
economic threshold. The concept is to confront the insect or
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pathogen with a diverse array of vegetation, most of which is
not desirable for feeding and reproduction, thus slowing the
pest population increase and spread. Strip cropping of maize,
soybean, and winter cereal is one example for temperate zone
application of this principle. Coupled with a rotation of the crops
in strips, this strategy creates biodiversity in both time and space.
Permacultures described by Mollison (1990) and perennial poly-
cultures being developed at The Land Institute (Jackson, 1980;
Soule and Piper, 1993) represent methods of creating a per-
manent cover over the land that will suppress weeds, and give
priority to the crops of interest for economic gain or ecosystem
services. Maintaining diversity in the hedgerows, windbreaks,
and roadsides around fields provides another method of cre-
ating habitat for beneficial predators and parasites, and thus
a non-chemical method of pest management. These strategies
generally are not available to the large, conventional farmer
since they depend on smaller field units and more complicated
management. The strategy of weed management through use of
“many small hammers,” a combination of control methods used
across the farm and landscape, has been proposed by Liebman
and Davis (2009) as a more durable method of suppressing un-
wanted vegetation than those that use single strategies such as
herbicides or tillage alone. This is available to all farmers, a
strategy to make conventional farming more sustainable.

IV. CROP ROTATIONS

Efficiency of crop rotation in conventional system has been
obscured by input substitution. In an era of agricultural spe-
cialization, one might expect that conventional systems would
evolve to the simplest form possible: growing one crop year
after year. In general, that has not occurred. It can be argued that
the practice of crop rotation came about by necessity (Porter,
2009). Farmers found that they could increase crop yields on
a given piece of land if they changed the crops grown there
over time. The first documented evidence of the benefits of
crop rotation is over 2,000 years old, when it was recorded that
including certain crops, now known as legumes, in a rotation
benefited other subsequent crops. As with the origin of crop do-
mestication, there is good reason to believe that the practice of
crop rotation evolved independently in different regions of the
world. This evolution occurred principally through trial and er-
ror. Just as certain crops are best adapted to certain environments
and growing conditions, associated crop rotations are likewise
site specific. For example, the four-year Norfolk rotation, which
consisted of wheat (Triticumspp.)-turnip (Brassicarapa)-barley
(Hordeum vulgare)-red clover (Trifolium pretense), contributed
to more than doubling wheat yields in England in the 1700s
(Pearson, 1967). That combination of crops, however, could not
be grown in the lowland tropics.

In the upper Midwest, the breadbasket of the U.S., maize (Zea
mays) and small grains including wheat dominated the planted
areas along with fallow and pasture from the start of arable
agriculture in the prairie. This system changed when adoption

of diesel equipment replaced the need for animal traction. This
coincided with the rapid adoption of soybean (Glycine max),
and today the predominant crops grown in the region are maize
rotated annually with soybean, a grass with a legume. About
the same time synthetic fertilizer, herbicide, and fungicide use
became more commonplace, which led to the conventional agri-
culture we know today.

Today, maize and soybean production is so pervasive in the
upper Midwest that in some counties well over 75% of the total
land area of the county is planted to one of these crops (Porter,
2009), leaving little area for other crops or livestock alternatives.

Substitution with synthetic fertilizers, herbicides, and fungi-
cides led to a belief that the need for crop rotation would disap-
pear as farmers controlled yield-limiting factors such as fertility,
erosion, and weed competition, thereby mitigating the necessity
for crop rotations (Melsted, 1954). Eliminating the need for crop
rotation without compromising production has been more chal-
lenging than anticipated. Today yield increases associated with
crop rotation, referred to as the rotation effect (Pierce and Rice,
1988) and monoculture yield declines (Sumner et al., 1990) are
not fully understood. Thus, the common maize—soybean ro-
tation rather than continuous corn or continuous soybean is a
result of conventional farmers gaining efficiency from such a
practice. This two-crop rotation also allowed for an overall gain
in nitrogen use efficiency and a reduction in weed problems
resulting from a sequencing of different herbicide families used
on each crop.

Daberkow and Gill (1989) estimated that only 5 to 10 ro-
tations were being used on over 80% of the cropland in the
United States, and they typically involve only two crops in the
rotation. These include the maize—soybean rotation in the up-
per Midwest; soybean rotated in a double cropping system with
winter wheat in the Piedmont and lower Midwest and Eastern
Upland Region; wheat and wheat—fallow rotation in the north-
ern Great Plains; and rice (Oryzae sativa)-soybean rotation in
the Mississippi Delta Region.

Today, widespread use of synthetic fertilizers and pesticides
dominates current agricultural practices in industrialized coun-
tries. Yet these inputs mask the true benefit of crop rotation
(Porter et al., 2003). In contrast, organic farmers are reliant
on crop rotation and this practice is one of the foundations of
the organic cropping system. Many useful articles have been
written on crop rotations for conventional systems (Daberkow
and Gill, 1989; Karlen et al., 1994) and for organic and sustain-
able production systems (Francis and Clegg, 1990; Kuepper and
Gegner, 2004; Magdoff and Van Es, 2009). The benefits of in-
cluding well-managed cover crops in the crop rotation have been
described in detail (Sustainable Agriculture Network, 2007).
Substitution of NOP-approved products for an adequate crop
rotation can also be implemented in organic production sys-
tems. Some organic producers have a “silver bullet” mentality,
thinking they can avoid the negative effects of an inefficient
crop rotation through NOP and OMRI approved organic inputs.
Input substitution using NOP-approved nitrogen fertilizers,
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herbicides, and insecticides could be avoided by adding more
legumes in the crop sequence, introducing a more efficient rota-
tion, and increasing areas in wild field boundaries for beneficial
insects.

System redesign of the crop rotation in conventional systems
may begin as simply as adding an ‘off-season’ cover crop to
the rotations, and thus not impacting or minimally impacting
the typical cash crops. Or in a sequence, systems redesign may
radically alter the crops grown and expand the number of crops,
and thus the length of the crop rotation. System redesign of
a crop rotation in organic cropping systems could include the
adoption of improved, multifunctional crop rotations that enable
enhanced and more sustainable ecosystem function and increase
profitability. Choice of crops with available markets and favor-
able prices could include introduction of more perennial crops
across multiple, varied, and large watersheds. Use of perennial
forages could enhance the reintegration of crops and livestock
on the farm. A move toward reduced tillage and crop diversifi-
cation could also prove positive. Such systems redesign could
provide greater farming system resilience, enhanced income
stability, and multiple benefits for society such as provision of
ecosystem services. Most of these changes could be introduced
into conventional agricultural systems, providing many of the
same benefits.

V. CROP/ANIMAL SYSTEMS

As described above in several examples, the ultimate transi-
tion of current systems to more sustainable alternatives involves
redesign of the farming system. The biological foundations for
redesign can be found in writings by Steiner, Albrecht, Howard,
Balfour, and others with their focus on design and management
of whole systems. Potential to integrate principles of biodiver-
sity, resilience, and long-term durability under changing and
more variable climate is greatly enhanced by the integration of
crops and animals on farms.

Martin Entz and Joanne Thiessen Martens (2009) describe
the development of managed crop/animal systems 8000 to
10000 years BP. Scientists in western Canada observed more
than 100 years ago that greater permanence could be achieved
through mixed farming (Janzen, 2001). System sustainability
has been associated with crop/livestock integration in the Nordic
Region (Granstedt, 2000). The separation of livestock and crops
on different farms has come to be called “the disintegration of
agriculture” (Clark and Poincelot, 1996). And Schiere et al.
(2002) conclude that reduced crop/livestock integration corre-
lates closely with increased need for fossil fuel use in agricul-
tural systems.

Through applying principles of agroecology, it is obvious
that a functional integration of crops and animals to enhance
nutrient cycling and increase spatial biodiversity is more im-
portant than merely producing crops and livestock on the same
farm (Clark and Poincelot, 1996). Diversification alone can add
economic resilience to the product mix on a farm, but this does

not require dependence of one enterprise on another. As the dis-
tance between source of an input (e.g., animal manure) and the
place it will be applied (e.g., crop field) increases, there is an
increasing cost of labor and energy costs involved in the system
(Schiere et al., 2002).

Finally, crop/animal integration can be central to providing
ecosystem services from agriculture, especially from organic
agriculture. For example, more forages in the system and espe-
cially perennial species and mixtures of species can add biodi-
versity, provide year-round cover that will prevent soil erosion,
enhance nutrient cycling especially if the forages are grazed,
and increase accumulation of soil organic matter (Clark, 2009).
A sequence that includes semi-permanent or permanent cover
can enhance water capture and storage, sequester carbon, and
improve water quality in the nearby waterways and the ground-
water. These emergent properties make essential contributions
to health of soil and the landscape as well as the agroecosystem,
but are rarely rewarded in the contemporary marketplace.

VI. CONCLUSIONS: FUTURE DIRECTIONS FOR
ECOLOGICALLY SOUND FARMING

Sustainable systems are differentiated from conventional sys-
tems by focus on more than just production and economics, plus
minimally meeting environmental regulations in the most cost-
effective way. Sustainability means preserving economic pro-
ductivity while taking seriously the ecological foundation and
social implications and impacts of farming. It includes design-
ing systems that are resilient and can endure for the indefinite
future. A summary table of strategies and practices that are
commonly found in conventional and in emerging sustainable
systems was presented in the introduction. The comparisons are
stated in rather extreme terms, in order to clearly distinguish
between two philosophies and farming systems. In fact, most
farms employ some combination of these strategies, and many
fall on a spectrum between the extremes.

Farmers managing their systems following conventional,
“sustainable,” organic, or other philosophies or strategies are
seeking to improve the profitability and long-term durability of
production, as well as comply with regulations and preserve the
value of their land resource. We have described how farmers use
increased efficiency of input use, substitution of less costly or
more effective cultivars or other inputs, and redesign of systems
to help meet their goals. It is our observation that conventional
farmers generally use the strategies of increasing efficiency and
at times substituting inputs, while organic and other sustain-
able farmers use primarily substitution and redesign of systems.
What is intriguing yet difficult to determine is the impact of re-
search and extension work in organic farming, limited as it has
been, on the decisions made by conventional farmers to make
their systems more environmentally sound and profitable. This
is a potentially fruitful area for research.

We conclude that ecology is an essential and integral orga-
nizing principle in organic farming, and concepts from ecology
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FIG. 2. Ecological principle of biodiversity expressed in practices for design of sustainable crop rotations and systems, illustrating major interactions and

consequences.

are gradually finding their way into conventional agriculture
(Drinkwater, 2009). One indicator of the traction these terms
have—ecology and sustainability—is the increasing frequency
of their use by input providers who advertise their products “to
create a more sustainable and profitable farming system.” This
was not the case even a decade ago. With increasing concern
about the long-term impacts of agricultural inputs on waterways
and the growth of dead zones in a number of places where rivers
discharge into the oceans of the world, there are likely to be
more regulation and greater incentives to reduce these problems
at the source. With environmental soundness as an additional
incentive, conventional farmers are likely to look to alternative
systems and principles of ecology for design of future systems.

A number of specific practices used in organic and sustain-
able farming provide examples of the application of ecology to
practical farming systems. A simplified diagram that includes
some of the major ecological factors that go into design of sys-
tems, and how they impact nutrient cycling, weed management,
and insect management is provided in Figure 2. The primary
factors and their interactions have been described in several
of the above sections, and an excellent conceptual summary is
provided by Drinkwater (2009).

To meet the needs of current citizens without reducing the
potential for future generations to also meet their needs requires
careful thought and evaluation of current systems. We have po-
tential to increase efficiency of agriculture, to substitute less
costly or more environmentally sound inputs or practices, and
to redesign systems to create greater productivity as well as
resilience in agroecosystems. Many of the changes needed are
based on principles of ecology, and on the study of the stabil-
ity and durability of the natural prairie in this region. Organic
and sustainable farmers have learned these lessons, and there
is an increasing application of their methods to what we call
conventional farming. Dynamic change will always be a part
of agriculture, and those farmers and researchers who are on

the cutting edge of system design and using multiple criteria
to evaluate success will continue to provide models of agroe-
cosystems that can help sustain the human species as well as a
healthy natural environment into the future.
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This text combines two basically different views on pest control
namely the scientific researcher’s view on pest control and the pes-
ticide regulator’s views on pesticide control aiming at a common
and pragmatic ecological approach. A set of practicable "tools’ are
discussed that can be used to monitor and reduce environmen-
tal impact on agro-ecosystems where the ultimate goal is to move
towards a more environmentally sustainable agriculture. General
principles governing farming systems and pest control strategies
are illustrated with pesticide use and pesticide risk reduction mea-
sures in coffee and rice cultivations. Adaptive pest control based
on Integrated Pest Management with a rational use of pesticides
as a last resort is suggested to be the most viable way forward.

Keywords adaptive pest control, agricultural performance indica-

tors, climate field schools, continuous improvement, en-
vironmental impact quotients, impact reduction, rational
pesticide use, resilience

I.  FROM IMPACT REDUCTION TO ECOLOGICAL

APPROACH

In the realm of plant protection modern agriculture has long
relied on artificial inputs such as pesticides. The use of pesti-
cides was easily integrated into modern agricultural manage-
ment. Sprays could be scheduled or used as a response to high
numbers of invading insects, high levels of plant disease or high
occurrence of weeds. The use of pesticides in prophylactic man-
ner or in response to perceived attack is basically uncomplicated.

Itwas not long before it became clear that the use of pesticides
had negative aspects (Carson, 1962), not only of an environmen-
tal character, but also in terms of efficacy. Insect, diseases, and
weeds have shown a remarkable ability to adapt and become re-
sistant to pesticides; making the development of new pesticides
a requirement for continued use as a management technique.
In addition, detrimental effects to natural enemies sometimes
caused resurgence of pest attacks when the effects of chemi-
cals abated. Another problem can be that when serious target
pests are eliminated secondary pests, previously suppressed by
natural enemies or competition from the main pest, may gain
increased pest status. Although pesticides can remove the threat
of plant attack it is not always an economically sound strategy.
The yield gained by removing plant attackers does not always
pay for the costs of a pesticide treatment. In addition concerns
about human health, both for those using the pesticides and
those that might consume them on food products, are not negli-
gible. Millions of cases of acute poisoning from pesticides have

been estimated to occur annually and chronic effects due to, for
example, endocrine disruptions have been recognized (Richter
and Chlamtac, 2002). Children are at greater risk than adults
from pesticides because of their small size and greater exposure
rates (UNEP, 2004).

As a response to these problems, especially when dealing
with insect pests, economic or treatment thresholds were intro-
duced. The reasoning was that the costs of the treatment should
be recovered in terms of yield or the treatment should not be per-
formed. Pesticides would most likely not be used to the same
extent as when following a spraying schedule or in response
to perceived risk. This added a degree of complexity to pesti-
cide use. Monitoring of pest and disease levels in the field is
necessary to determine when economic thresholds are reached.
Determination of economic thresholds is not a simple process
and thresholds are not available for all crops and all potential
pests and diseases limiting the number of situations where the
threshold approach can be used.

It has been 50 years since an influential paper on the integra-
tion of chemical and biological control expounded the impor-
tance of considering the entire ecosystem when designing good
pest control (Stern et al., 1959). Although the term “ecosystem
service” was not used at that time the importance of natural
control and biological control was recognized. Human culpa-
bility in increasing pest problems was also highlighted in terms
of changing and manipulating ecosystems in such a way that
certain species are favoured and can become pests. This call for
integration of biological and chemical methods of pest control
was one of the early steps in introducing an ecological perspec-
tive to pest management within conventional agriculture.

In 1992, the United Nations Conference on Environment and
Development concluded that:

e Chemical control of agricultural pests dominated the
scene;

» Overuse of pesticides had adverse effects on farm bud-
gets, human health and the environment, as well as on
international trade;

e Integrated Pest Management (IPM)—combining bi-
ological control, host plant resistance and appro-
priate farming practices and minimizing the use of
pesticides—is the best option for the future;

o IPM guarantees yields, reduces costs, is environmen-
tally friendly and contributes to the sustainability of
agriculture;
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* IPM, therefore, should go hand in hand with appropri-
ate pesticide management to allow for pesticide reg-
ulation and control, including trade, and for the safe
handling and disposal of pesticides, particularly those
that are toxic and persistent (UNCED, 1992).

Some characteristics of modern, conventional agriculture that
have bearing on pest outbreaks are loss of diversity and fre-
quent disturbance within the system (Landis et al., 2000). Loss
of diversity can be described in very broad terms. First of all
growing crops in monoculture and removing weeds decreases
the vegetation diversity both in terms of species and structure,
there is usually only one height of vegetation (Shennan et al.,
2005). Crops are often cultivars with little genetic diversity.
This profoundly reduces the possibility of crop adaptation to
the environment but promotes increase in attacker virulence,
because damaging organisms have only a limited amount of ge-
netic diversity to overcome. Landscape diversity in agricultural
areas has declined as labor efficiency has become a priority;
mechanization favours large and uniform production units and
natural habitats are appropriated as agriculture intensifies. Dis-
turbance occurs repeatedly in agriculture and is often dramatic.
This means that there is little scope for species within the sys-
tem to adapt to their surroundings. Many pests and diseases that
frequently cause problems are early successional opportunists.
They have evolved to take advantage of simple, regenerating
ecosystems after disruption. Species with excellent dispersal
ability and rapid growth and reproduction are commonly the
pests that are most severe (Tscharntke et al., 2005).

Multiple interactions are present in ecosystems. In agricul-
ture there has been a tendency to focus only on plant and attacker
when dealing with plant protection. That natural enemies will
have an impact on attacker abundance is well-known in the
context of biological control. Recognition of other interactions
that influence pest abundance is a growing area of research. We
know that plants may have an impact on natural enemies by pro-
viding cues for the enemies to find pest prey. Changes in plant
quality due to fertilization may affect pests and diseases. More
recently it has been shown that the action of pests on the plant’s
aboveground parts may have consequences for the functioning
of soil food webs (Dyer and Letourneau, 2003).

Agriculture takes place in time and space (Ekbom, 2000).
This adds multiple dimensions to the ecological interactions.
A crop’s ability to withstand pest attack will be influenced by
the surrounding landscape as well as by the vigour and devel-
opmental stage of the crop. It is not enough to know only the
conditions in the field, the placement of the field in the landscape
may determine how fast pest colonization and enemy response
may occur. If crop development is rapid and strong, the crop
will probably be able to tolerate pest attacks better than late and
poorly developed crops.

Although there are no easy solutions several general princi-
ples emerge that can guide in the design of future agricultural
system for better pest control. Nicholls and Altieri (2007) call

for the restoration of agricultural diversity. Increasing species
diversity by using different crops combinations varied in time
and space; poly-cultures and cover crops are examples of agri-
cultural elements that not only can prevent or reduce pest attack
butalso can increase soil fertility. Increased cultivation of peren-
nial crops can provide refuges and reservoirs for natural enemies
and also facilitate their dispersal into nearby annual crop fields.
Diversity at the landscape level should be enhanced by using
structurally diverse crops and by creating and maintaining non-
crop areas with rich and natural vegetation.

Today there is strong support for the view that there is a need
to understand biotic interactions within an ecological frame-
work in order to support crop productivity and environmental
health (Shennan, 2008). Integration has moved far beyond a
mix of chemical and biological control. Ecosystem manage-
ment in light of species diversity, disturbance dynamics, and
multi-trophic interactions, all considered on multiple spatial and
temporal scales, is becoming accepted as an approach to design-
ing more sustainable agriculture. Clearly such an approach is
very complex and responses to management changes will not
be easy to predict (Shennan, 2008).

For this reason it is essential that future agricultural man-
agement strategies are developed together with stakeholders.
Our current understanding of the multitude of interactions in
the agricultural ecosystem is still rudimentary. Taking steps to
reverse negative trends in agriculture will not be easy or straight-
forward and have to be supported by decision makers as well as
users.

Il. ASSESSING ECOLOGICAL IMPACT AND
MONITORING AGRO-ENVIRONMENTAL
PERFORMANCE

It is not a trivial task to assess the health of an ecosystem.

In the absence of baseline ecological data and detailed knowl-
edge of ecosystem functions some general assumptions must be
made. One such assumption is that the use of pesticides will
create an environmental hazard and certain characteristics of
the pesticide will determine the severity of that hazard. In the
following text we introduce some of the methods currently in
use to appraise pesticides and plant protection strategies from
an environmental point of view.

A. Environmental Risk Indicators to Monitor Pesticide
Reduction in National Programs

Swedish government agencies have used environmental and
health risk indicators since 1988 to monitor pesticide reduction.
The Swedish pesticide reduction program has achieved a 63%
reduction in pesticides sold for use in agriculture and horticul-
ture (from the baseline period 1981-1985 to 2006). From 2002
there is no longer a goal in terms of reduction of quantities sold;
instead reduction based on risk indicators is used (Ekstrom and
Bergkvist, 2008). The calculation of the Environmental Risk In-
dicator (ERI) involves the calculation of an ERI value for every
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pesticide (active substance) used in agriculture. The calculation
includes the following data:

ERI = annual sold quantity * (1/ recommended dose rate) * (en-
vironmental toxicity score + persistence score + bioaccumulation
score + mobility score) * application method score for environment
exposure * number of spray events * score based on results of surface
and ground water monitoring * leaching index.

ERI values for individual pesticides (active substances) are
then added together to obtain an overall ERI for agriculture
in a particular year. Using this method, the environmental risk
from pesticides used in agriculture in Sweden in 2006 was 28%
lower when compared to the reference year 1988. In comparison,
the health risk, calculated using a similar method, was 69%
lower in 2006 compared to 1988 (Bergkvist, 2004; Ekstrém and
Bergkvist, 2008).

B. Percentage of Land Area under Organic Farming to
Monitor National Agro-Environmental Performance
The Swedish government has set sixteen national environ-
mental quality objectives with regard to the natural environ-
ment, the urban and rural environments, and society at large.
Two of the objectives apply to crop protection strategies and
pesticide use, namely the ‘Non-toxic Environment’ objective
and the “Varied Agricultural Landscape’ objective. Three indi-
cators are used to monitor the use of pesticides in agriculture:
(2) the level of use and risk scores of plant protection products
based on sales statistics, (2) residual plant protection products
in surface waters based on a yearly monitoring program, and
(3) the area of land under organic cultivation (Swedish Envi-
ronmental Objectives Portal, 2009). The goal for land under
certified organic cultivation in Sweden has been set to 20% by
the year 2010. In 2008, the share was well below 10% (6.8%
according to the World Resources Institute) (WRI, 2008).

C. Environmental Performance Index to Assess National
Agro-Environmental Performance

Beginning in 2000, Yale University’s Center for Environ-
mental Law and Policy, and Columbia University’s Center for
International Earth Science Information Network, developed
an instrument for benchmarking national environmental perfor-
mance. Initially this instrument was called the Environmental
Sustainability Index but in 2008 was renamed the Environmen-
tal Performance Index (CELP/CIESIN, 2008). The overall ob-
jective of the Index is to facilitate assessment of current en-
vironmental health (stresses on human health) and ecosystem
vitality (related to loss or degradation of ecosystems and natural
resources). The Environmental Performance Index (EPI) pro-
vides an absolute measure of performance by assessing coun-
tries on a “proximity-to-target” basis focusing on areas within
governmental control and using a number of fixed targets. For
the agricultural policy category, there are five proxies used for
sustainable agriculture: agricultural subsidies, burnt land area,

irrigation stress, pesticide regulation, and proportion of crop
land in agricultural landscapes.

Regulation of pesticides. Because of the lack of data on
pesticide use and impact data, the Environmental Performance
Index measures pesticide regulation, a policy variable that tracks
government attention to the issue. The pesticide regulation in-
dicator is based on national participation in the Rotterdam Con-
vention on Prior Informed Consent (http://www.pic.int), which
controls trade restriction and regulations for toxic chemicals,
and the Stockholm Convention on Persistent Organic Pollu-
tants (http://chm.pops.int), which aims at a global phase-out of
a number of persistent organic pollutants (POPSs). The pesticide
regulation indicator also considers national efforts to ban nine
POP pesticides now obsolete in agriculture: aldrin, chlordane,
DDT, dieldrin, endrin, heptachlor, hexachlorobenzene, mirex,
and camphechlor (toxaphene).

The two conventions and nine pesticides yield a total of 11
measures, each assigned two points, allowing a target score of
22. Countries, thus, receive the maximum 22 points if they have
signed both conventions and submitted a national implementa-
tion plan, as well as banned the nine pesticides (CELP/CIESIN,
2008).

In Section E below, the pesticide regulation indicator is used
with two other indicators to illustrate agro-environmental per-
formance in 11 major coffee-producing countries and three other
countries.

Percentage of crop land area in agriculture-dominated
landscapes. The basis for this indicator is the assumption that
if more than 30% of the area of a given landscape is under in-
tensive agricultural production, then major ecosystem functions
are likely to be compromised. Furthermore, if this level reaches
60%, key ecosystem functions would be difficult to conserve
(CELP/CIESIN, 2008).

The crop land intensity indicator measures the proportion
of crop land in agricultural landscapes, and sets a target of
40% uncultivated land in areas of crop production. Uncultivated
land includes land left fallow, grazing land, and settlements.
Hence, this target is set to be conservative. The indicator does
not assume that it is better to have mixed mosaics than to have
large protected areas. The indicator considers only whether each
10 km x 10 km “grid cell’ where cropping occurs has at least
40% uncultivated land, providing space for other ecosystem
functions. Ifagriculture makes up more than 60% of the grid cell,
the agricultural land in that grid cell is considered to be intensive.
The agricultural intensity thus is calculated as percentage of grid
cells with more than 40% cultivated land. Table 3, Section E,
shows the performance of selected countries.

D. Environmental Impact Quotients for Comparative
Assessment of Pesticides or of Pest Control Strategies
A method to calculate the potential environmental impact
of pesticides has been developed by Kovach et al. (1992). The
work began as a reaction to the fact that the wealth of existing
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environmental impact data is not readily available or organized
in a manner that is usable to the IPM (Integrated Pest Manage-
ment) practitioner. The method, consequently, was developed to
help growers and other IPM practitioners to make more envi-
ronmentally sound pesticide choices.

The Environmental Impact Quotient (EIQ) comprises three
distinctively separate effects: (1) health effects on the farm
worker, (2) potential health effects on the [food] consumer, and
(3) ecological effects. The ‘EIQ Total’ is the unweighed average
of the three components. Health effects consider both acute and
chronic toxicity.

The impact of pesticides on terrestrial systems is determined
by summing the toxicities of the chemicals to birds, bees, and
beneficial arthropods. Since terrestrial organisms are more likely
to occur in commercial agricultural settings than fish, more
weight is given to the pesticide’s effects on these terrestrial
organisms.

EIQ Ecology = (fish toxicity * surface loss potential) + (bird
toxicity * ((soil half-life + plant surface half-life)/2) * 3) + (bee
toxicity * plant surface half-life * 3) + (beneficial arthropod toxicity
* plant surface half-life * 5)

A critique of the approach has been published by Dushoff
et al. (1994) arguing that the environmental effects of pesticides
are too complex to summarize as a single number.

Table 1 shows eleven insecticides with particularly low
EIQ ecology components (Kovach et al., 2009). The over-
all range for insecticides is 12-204. A comparison between
the EIQ ecology component and the total EIQ value shows
that for all insecticides included in Table 1, the ecology com-
ponent is higher than the total value. The total EIQ is the

mean value of the three components for ecology, farmer and
[food] consumer. For all 11 pesticides, therefore, the poten-
tial ecological impact is higher than the potential for adverse
health hazards to either the farmer or to the consumer or
both.

Currently available EIQ values (Kovach et al., 2009) indi-
cate that the potential ecological impact for many insecticides
is considerably higher than for any herbicide or fungicide. Ex-
treme values (range) for insecticides are 12—204 (for flonicamid
and fipronil, respectively), 16-115 for herbicides (azafenidin
and naptalam, and fenoxaprop-ethyl, respectively), and 12-148
for fungicides (Bacillus licheniformis and copper sulfate, re-
spectively, with organic chemical fungicides in between these
values). Copper-based fungicides are of concern as they contam-
inate the soil, can negatively affect soil organisms, and concen-
trations have been shown to exceed European legislative limits
in many vineyard soils (Paoletti et al., 1998; Komarek et al.,
2010)

The Prior Informed Consent (PIC) procedure of the Rotter-
dam Convention currently covers (a) twenty-three discrete pes-
ticides (active substances), (b) all pesticides (active substances)
containing mercury in the molecular structure, and (c) selected
formulations of six active substances. These active substances
and formulated products have been included in the Convention
because they have been banned or severely restricted in a num-
ber of countries due to unacceptable effects on human health
or the environment. Of the pesticides (mercury compounds ex-
cluded) currently under the Rotterdam Convention only 15 are
classified according to the World Health Organization’s guide-
lines for classification of pesticides by acute health hazard
(WHO, 2004). Nine pesticides are considered by WHO to be

TABLE 1
Environmental Impact Quotients (EIQ) for eleven insecticides with particularly low evidence of ecological impact. Insecticides
in alphabetical order

EIQ Ecology EIQ
Insecticides component Total Notes
Azadirachtin 25 12 Naturally occurring in neem oil and in seeds of the neem tree
Azadirachta indica. WHO hazard classification unavailable
Bacillus thuringiensis kurstaki 31 13 Protein crystals and bacterial spores. Unlikely to cause acute
health hazard in normal use (WHO)
Cyromazine 33 18 Unlikely to cause acute health hazard in normal use (WHO)
Fenoxycarb 28 14 Unlikely to cause acute health hazard in normal use (WHQO)
Flonicamid 12 9 WHO hazard classification unavailable
Fosthiazate 29 14 WHO hazard classification unavailable
Lufenuron 34 16 WHO hazard classification unavailable
Pirimicarb 34 16 Moderately hazardous to health (WHO)
Pymetrozine 28 20 WHO hazard classification unavailable
Triazophos 37 36 Highly hazardous to health (WHO)
Trichlorfon 38 20 Moderately hazardous to health (WHQO)

Source: Kovach et al. (2009).
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TABLE 2
Ecological and human health impact of nine of the pesticides currently covered by the PIC procedure of the Rotterdam
Convention and five other pesticides selected for their particularly high values of the EIQ ecology component

Ecological impact —
Acute health hazard]

EIQ ecology component in first or
second quartile (low impact) (1)

EIQ ecology component in
second or third quartile (high impact)

Disulfoton
Fenamiphos

Highly to extremely hazardous to health Captafol (PIC)

Carbofuran (PIC, SF)
DNOC (PIC)
Methamidophos (PIC, SF)
Parathion-methyl (PIC, SF)
Phosphamidon (PIC, SF)
Benomyl (PIC, SF)
Chlordane (PIC)

Thiram (PIC, SF)

Slightly to moderately hazardous to health or
unlikely to cause acute hazard in normal use

Copper sulphate
Fipronil
Propargite

(1) PIC = Prior Informed Consent procedure under the Rotterdam Convention; SF = selected formulations only.

obsolete, three are fumigants. As such they are exempt from
hazard classification. With regard to ecological effects, Environ-
mental Impact Quotients are available for only eight of the PIC
pesticides. Nine pesticides have a WHO hazard classification as
well as an EIQ (‘PIC’ in Table 2). An additional five pesticides
not covered under the Convention but with very high values for
EIQ are included in Table 2 for comparison. Each of them has an
EIQ for ecology in the range 165-204, considerably higher than
those for the least disruptive pesticides (range 12-38) shown in
Table 1.

E. Monitoring of National Agro-environmental
Performance: The Case of Coffee Producing Countries
The capacity of major coffee-producing countries to regu-
late and control a set of particularly hazardous pesticides is
illustrated in Table 3. This table also shows crop land inten-
sity as an indicator of agro-ecological performance. In addi-
tion, organic land area as percent of total agricultural area
(WRI, 2008) has been included as a third indicator. The ca-
pacity to regulate pesticides varies widely among the coffee-
producing countries. Some are at about the same level as New

TABLE 3
Selected agro-environmental performance indicators for the eleven major coffee producing countries (1) and three other
countries. Countries in alphabetical order by group. Units are explained in Sections C and D of Chapter Il

Crop land intensity, percentage
of grid cells with more

Capacity to regulate

Crop land intensity,
proximity to target,

Land area under organic
cultivation, percent of

Country pesticides, points (2) than 40% cultivation (2) percent total agricultural area (3)
Brazil 20 2.0 96.8 0.34
Colombia 19 0.0 99.9 0.07
Ethiopia 5 1.0 98.4 (Data not available)
Guatemala 0 5.9 90.7 0.33
Honduras 1 1.3 97.9 0.06

India 3 51 20.1 0.06
Indonesia 19 11 82.8 0.12
Mexico 18 9.7 84.7 0.27

Peru 21 0.1 99.8 0.85
Uganda 1 32 49.5 0.99
Vietnam 20 12 81.4 0.07

New Zealand 22 1.7 97.4 0.26
Sweden 22 16 75.0 6.8

United States 19 17 73.4 0.22

(1) Countries with 2% or more of world market; Source: International Coffee Organization (http://www.ico.org accessed 8 March 2009).

(2) Source: CELP/CIESIN (2008).
(3) Source: WRI (2008).
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Zealand, Sweden, and the United States while others appear
to be almost without any regulatory structure. Crop intensity
is lower in the coffee-producing countries than in two of the
industrialized nations added for comparison, with the excep-
tion of India and Uganda. Several coffee-producing countries
(Brazil, Guatemala, Peru, and Uganda) seem to have a spe-
cial interest in organic production as witnessed by an organic
land area proportionally larger than that in the United States or
New Zealand.

lll.  IMPACT REDUCTION IN CHEMICAL PEST
CONTROL WITH EXAMPLES FROM RICE AND
COFFEE CULTIVATIONS

A. Conventional/Chemical Pest Control

Pesticide problems and problem pesticides. Starting with
Rachel Carson’s book Slent Spring in 1962, the world has
seen a stream of personal accounts and scientific reports on
untoward health and environmental effects of pesticides. Some
of these reports have turned out to be global eye-openers.
The Dirty Dozen Campaign of the Pesticide Action Network
in 1985 originally covered 12 particularly hazardous pesti-
cides (Schonfield et al., 1995; PAN, 2009). This campaign
with time turned out to be a precursor to the much more re-
cent Rotterdam and Stockholm Conventions, the latter con-
taining a ‘dirty dozen’ of particularly persistent organic pol-
lutants or POPs (Johansen, 2003). Fifteen of the now 18 ‘Dirty
Dozen’ pesticides (aldrin/dieldrin/endrin, camphechlor, chlor-
dane, chlordimeform, DDT, EDB, HCH, heptachlor, lindane,
parathion, parathion-methyl, PCP and 2,4,5-T) have been in-
cluded in one or both of the international conventions. Only
aldicarb, DBCP and paraquat, the last one arguably one of the
most controversial of the dirty dozen pesticides, remain unreg-
ulated through international pesticide conventions.

In 1990, two United Nations agencies provided an un-
precedented compilation and assessment of health effects in
the Public Health Impact of Pesticides Used in Agriculture
(WHO/UNEP, 1990). In 1993, the Pesticides Trust (predecessor
of PAN UK) published a Global Health and Environmental Au-
dit (Dinham, 1993) with accounts of pesticide hazards in Brazil,
Costa Rica, Ecuador, Egypt, India, Malaysia, Paraguay, South
Africa and Venezuela. The Dependency Syndrome, yet another
aspect of conventional chemical pest control, has been described
by the Pesticide Action Network (Williamson, 2003). The Pes-
ticide Detox, a recent work on health and environmental impact
from pesticides, contains several accounts of a new era aiming
at a more sustainable agriculture (Pretty, 2005).

Pesticide sales and consumption. Data on global sales of
pesticides in value terms are relatively abundant compared to
the publicly available information on production and use in
terms of weight of active ingredients. The following references
are selected examples of open and commercial, primary and
secondary information sources:

e Ag Chem Base, AGRANOVA, Agrochemicals-
Executive Review, Ag Chem Base

o Agricultural inputs and the environment—Pesticide
use per unit land area,Agriculture for Development,
World Development Report 2008, Appendix 3, pp.
324-325; http://go.worldbank.or/2IL9T6CG00

o AGROW World Crop Protection News and Analysis

o AGROW'’s Complete Guide to Generic Pesticides, Vol
1-3

 Earth Trends—The Environmental Information Portal,
World Resources Institute; http://earthtrends.wri.org/
searchable_db/index.php?theme=8

e Environmental Outlook for the Chemicals Industry
2001, Organization for Economic Co-operation and
Development;  http://www.oecd.org/dataoecd/7/45/
2375538.pdf

o FAOSTAT—Database on pesticides consumption.
Food and Agriculture Organization of the United
Nations; http://faostat.fao.org/site/424/default.
aspx#ancor

o FAOSTAT—Database on pesticide trade, Food and
Agriculture Organization of the United Nations;
http://faostat.fao.org/site/423/default.aspx#ancor

o Market analyses, Pesticides News, Pesticide Action
Network UK

« Pesticide Industry Sales and Usage 1994-2001, US En-
vironmental Protection Agency; http://www.epa.gov/
opp00001/pestsales/

o UN COMTRADE database; http://comtrade.un.org/db

o UN Industrial Commodity Statistics Yearbook 2006;
http://unstats.un.org/unsd/industry/icsy_intro.asp

The annual Production Yearbook (1958-2003) of the Food
and Agriculture Organization of the United Nations has, over
the years, included data only from a limited number of coun-
tries. Published data has been neither uniform in character nor
regularly updated. FAO has, more recently, created a web based
Database on Pesticide Consumption, which, regrettably, has in-
herited the basic problems of the Yearbook, viz. lack of regular
and reliable input from UN member governments. In a note to
the database, FAO declares that:

“The Statistics Division of the Food and Agriculture Organiza-
tion of the United Nations started the collection of data on consump-
tion of major individual pesticide products about three decades ago.
However, the response to the related Pesticides Consumption Annual
Questionnaire sent to all member countries was not very encourag-
ing. Therefore, in 1986 in co-operation with the Commission of the
European Union, a study was undertaken to find ways to improve the
country coverage of the data. The present work of collecting data on
groups of pesticides is a result of the recommendations of this study.
Data collected earlier have been published in various issues of the
Production Yearbook.”

Pesticide markets and pesticide consumption patterns have
been analyzed by Pretty and Hine (2005), and Dinham (2005g;
2005b). Dinham recognizes AGROW Reports as an invaluable
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source of sound analysis of market developments and compre-
hensive up-to-date material on the agrochemical industry, and
acknowledges the fact that she has “drawn heavily” on infor-
mation in the 2004 and 2005 editions of ‘“AGROW’s Top 20’
(Dinham, 2005b).

The total world consumption 1998-1999 (average) was 2.5
million metric tons calculated as active substance, of which 37%
herbicides, 25% insecticides, 10% fungicides, and 28% other
pesticides (e.g., nematicides, fumigants, rodenticides). In 2002
and 2004, annual shares of global sales values were 27-30%
for North America, 25% for Asia/Pacific, 22—-24% for “West-
ern Europe” (with the European Union bridging post WW?2
“western” and “eastern” Europe, this is an obsolete connota-
tion), 12-14% for Latin America, and 10-11% for the rest of
the world. The global agrochemicals market grew 26% in 2008
(7.8% in 2007) to an impressive 41 700 million USD (AGROW
website, www.agrow.com).

Largest herbicide use is from the two generic (out-of-patent)
herbicides glyphosate (sales value USD 5 000 million) and
paraquat (sales value USD 400 million) (Anonymous, 2006).
The global use of all pesticides is highly concentrated (85%
of the crop protection market) on a few major crops: fruits
and vegetables, rice, maize, wheat and barley, cotton, and soy
bean.

Six multinational corporations control 75-80% of the world’s
agrochemical market: Syngenta, Bayer, Monsanto, BASF, Dow,
and DuPont. Some 20% of the market is made up of Japanese
companies and, increasingly, producers of out-of-patent, or
generic, products. A number of developing countries are produc-
ers and exporters of pesticides. India and China are the largest
producers of generic products followed by Argentina. China is
the world’s largest agrochemical producer by volume (Dinham,
2005a).

B. Rational Pesticide Use

Pesticides will remain a tool for modern agriculture and
therefore it is important to design strategies that will reduce
pesticide impact. Rational pesticide use (RPU), considered as a
‘subset’ of Integrated Pest Management (IPM), is a pest control
strategy that aims at maximum efficacy with minimum health
and environmental impact, and with minimum food residues.
This can be achieved by a minimum use of chemical pesticides
using the following principles (Dent, 2005):

« Accurate diagnosis of pest problems;

o Forecasting of outbreaks;

o Optimized timing of interventions for maximum long-
term efficiency and minimum pesticide use;

« Selection of a pesticide with minimum impact on non-
target organisms and the operator;

o Improved application of the selected pesticide for max-
imum dose transfer to the biological target, reduced
pesticide costs, minimum contamination of the envi-
ronment and the operator, and minimum residues on
food crops.

C. ’Safe Use’

CropLife International, a federation representing the plant
science industry, promotes the benefits of chemical crop protec-
tion and biotechnology products, their importance to sustainable
agriculture and food production, ‘Safe use,’ and the responsible
marketing and use of plant protection products through stew-
ardship activities. The purpose of the ‘Safe use’ initiative is to
mitigate problems from use, overuse or misuse of pesticides,
particularly in developing countries.

In South Africa, CropLife South Africa promotes the ben-
efits of ‘Safe use’ as a promising combination with Integrated
Pest Management :“Farmers in Africa and the Middle East are
increasingly recognizing the substantial benefits that the safe
use of crop protection products, combined with Integrated Pest
Management (IPM) can bring. The benefits include: Stable and
reliable yields; Longer product life cycles; Reduced severity
of pest infestations; Decreased pest resistance; Improved crop
profitability; and Establishment of higher standards” (CropLife
South Africa, 2008).

Obstaclesto safeuse. Obstacles to safe use vary from country
to country and are—in the views of the industry—primarily the
result of nonexistent or inadequate education and/or regulation.
Typical obstacles include (CropLife International, 2009):

o A comparatively low level of formal education;

« Little or no knowledge of crop protection products and
their use;

« Traditionally unsafe practices;

« Improper application of crop protection products, typ-
ically by overdosage;

« Unsuitable protective clothing or resistance to wearing
protective clothing;

¢ Inadequate or nonexistent supervision by regulatory
authorities;

« Absence of statutory controls on crop protection prod-
ucts.

In a critical review of the ‘Safe use’ strategy, Murray and
Taylor (2001) claim that a multi-sectoral approach is needed to
solve pesticide-related problems involving not only the pesticide
industry but also the government and civil society. In addition,
an alternative approach is recommended based on hazard reduc-
tion principles commonly found in industrial safety programs. A
phased approach to reduce hazards has been proposed by Sher-
wood et al. (2005): First, eliminate the most toxic pesticides;
Introduce safer crop protection products or alternative technolo-
gies; Implement administrative controls including training and
education; Introduce personal protective equipment.

D. Risk Phrases to Indicate Environmental Hazards

Use of a pesticide may have an impact on one or several
levels of ecological organization: the individual, population,
community or ecosystem level. Most information with regard to
ecological effects, however, has been obtained from studies on
single species as well as on single pesticides. Classification and
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labelling of pesticides, consequently, is often based on effects of
individual pesticides on populations of single species rather than
mixed communities and complex ecosystems. A prescribed list
of tests involving a small number of species forms the basis for
determining the classification of environmental effects. In the
European Union the following risk phrases are currently used
for describing environmental hazards (CEC, 2001; HSE, 2008):
R 50 Very toxic to aquatic organisms, R 51 Toxic to aquatic
organisms, R 52 Harmful to aquatic organisms, R 53 May cause
long-term adverse effects in the aquatic environment, R 54 Toxic
to flora, R 55 Toxic to fauna, R 56 Toxic to soil organisms, R 57
Toxic to bees, R 58 May cause long-term adverse effects in the
environment, R 59 Dangerous for the ozone layer. Appendix 1
shows risk phrases for selected rice pesticides.

E. Environmental Impact of Selected Pesticides Used in
Rice Cultivation

The international Codex Alimentarius Commission has rec-
ommended maximum residue limits (MRL) for 21 rice pesti-
cides (see Appendix 1) and an extraneous maximum residue
limit (EMRL) for chlordane (CAC, 2008). Appendix 1 contains
for each pesticide with a Codex MRL information with regard
to the ecology component of the Environmental Impact Quo-
tient, environmental risk phrases of the European Union, and
environmental hazard information included in the International
Chemical Safety Cards (IPCS/INCHEM, 2009).

The EU risk phrases (available for 17 of the 21 pesticides) all
deal with aquatic toxicity (Swedish Chemicals Agency, 2009z;
2009b). None of the pesticides in the Appendix has been clas-
sified in the EU as toxic to flora (R54), fauna (R55), soil organ-
isms (R56), or bees (R57). International Chemical Safety Cards
(available for 13 of the 21 pesticides), however, in five cases
there is a statement that special attention should be given to
non-aquatic organisms when using carbaryl, carbofuran, chlor-
pyriphos, fenitrothion or fipronil.

F. Impact Reduction in Rice Cultivation through IPM
and Farmer Field Schools

In the 1970s and 1980s, the Indonesian government achieved
great success in increasing rice yields during the food intensifi-
cation program . This program was based on adoption of mod-
ern agricultural technology, including intensive use of pesticides
(Oka, 1991). By the mid 1980s, however, problems had occurred
with massive outbreaks of the brown planthopper (BPH, Nila-
parvata lugens), insecticide resistant populations of the brown
planthopper, emerging environmental problems, and cases of
death and poisoning. This resulted in political action in the form
of a presidential decree (Oka, 1991) that stipulated use of Inte-
grated Pest Management (IPM) for rice pests. Education in IPM
was carried out in Farmer Field Schools. Farmers and advisers
learned that many insects present in the field are enemies of pest
insects. The concept of economic thresholds and understanding
of harmful effects of inappropriate use of pesticides were im-

portant components of the training. Participating farmers were
reported to reduce pesticide use by about 56% while boosting
yields by roughly 10% (Oka, 1997).

Insecticide use by rice farmers in Indonesia has been shown to
be a likely cause of pest problems due to the fact that early season
applications killed natural enemies and alternative prey (Settle
et al., 1996). In addition, in agricultural landscapes dominated
by extensive and synchronous cultivation of rice, pest problems
were much more severe than in areas with small-scale holdings
and more crop diversity. This study was carried out as part of
the national IPM program that included Farmer Field Schools.
Reduction of pesticide use can be achieved while maintaining
yields if farmers develop knowledge about ecological principles.
Field Schools have been instrumental in changing farmers’ per-
ceptions of a pest threat. Being able to identify insects found
in a crop that are beneficial rather than harmful helps moder-
ate insecticide use. Although approximately 1 million farmers
had been trained in Farmer Field Schools by 1999 this is only
about 5% of the rice farmers in Indonesia (Resosudarmo and
Yamazaki, 2007). Knowledge dissemination is very important,
but maintenance and reinforcement of this knowledge is es-
sential if farmers are to continue using IPM procedures after
graduating from Farmer Field Schools. Approaches other than
Farmer Field Schools are also being developed; entertainment
as education can reinforce the lessons learned in IPM education
and bring them to a wider audience. One example is a radio
soap opera developed for a Vietnamese audience (Heong et al.,
2008). Farmers can change their “pesticide behavior” if empow-
ered through education. It is, however, essential that this change
is supported by the community as well as by governmental poli-
cies.

G. Impact Reduction in Coffee Cultivations through
Continuous Improvement

A common codefor the coffee community has been elaborated
in a collaborative effort to promote and encourage sustainability
in the green coffee chain. The Code regulates, on a voluntary
basis, the transformation of a variety of cropping practices and
conditions, towards economic, environmental and social sus-
tainability in this sector. The desirable transformation, is con-
tinuous and described as a three-step ladder (4C Association,
2009).

The starting point in many cases is characterized by the use
of the most hazardous pesticides (see Red Criterion pesticides
in Table 4). At this level, there is no system in place to minimize
spraying. Hence, production systems depending on pesticides
of this group are considered to lack the basic characteristics of
sustainability. To improve, these pest control practices must be
discontinued within a transitional period. The first step leads to
an intermediate level with practices improved but still in need
of further improvement within a fixed transition period. At this
level, a system to minimize spraying such as using economic
thresholds and monitoring must be in place and all pesticides
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TABLE 4
Number of pesticides used on coffee in Brazil, Costa Rica, El Salvador, Tanzania or Vietnam grouped by sustainability criteria
established for the Common Code for the Coffee Community

Number of insecticides Number of fungicides Number of herbicides Total number of pesticides

Red Criterion pesticides 20
Yellow Criterion pesticides 32
Green Criterion pesticides 5
Total 57

8 5 33
19 9 60
19 12 36
46 26 129

Source: Jansen (2005).

used must be of a lower acute toxicity (Yellow Criterion pesti-
cides in Table 4).

The second step leads to the desirable sustainable practices.
Crop management practices; for example utilizing shade, appro-
priate fertilization, pest-tolerant varieties, and adjusting plant
density; for the prevention of phytosanitary problems are in use.
Use of natural enemies and the least toxic pesticides is practised.
Pesticides used at this level (Green Criterion pesticides in Table
4) include those that might be used within an Integrated Pest
Management (IPM) strategy. Because new evidence of harmful
side effects might appear, the list has to be revised on a regu-
lar basis. A sustainable strategy for controlling pests, diseases
and weeds has to be based on management practices able to
prevent or reduce these problems. Selective weed management,
healthy plant growth through good soil management, shade and
ventilation control, cultural practices such as collection of crop
residues and protection of natural enemies have to be measures
applied first in a pest management strategy. At this level pes-
ticides are only complementary tools for controlling problems
(Jansen, 2005).

Table 4 summarizes the result of a survey of coffee pesticides
in five major coffee producing countries. Pesticides are grouped
by hazard level as defined by the Common Code for the Cof-
fee Community Association. Red criterion pesticides are those
with a high acute toxicity (WHO classes la and Ib) (WHO,
2004) and/or strong evidence of carcinogenicity or endocrine
disruptive effects. Yellow criterion pesticides include moder-
ately hazardous pesticides (WHO class 1), pesticides with lower
acute toxicity but with other adverse health effects. Green crite-
rion pesticides include the least hazardous pesticides potentially
useful within an Integrated Pest Management strategy (Jansen,
2005).

H. Reduced Risk Pesticides for Rice

The United States Environmental Protection Agency allows
manufacturers to register conventional chemical pesticides un-
der a ‘Reduced Risk and Organophosphate Alternative’ scheme
(EPA, 2008). Advantages of conventional reduced risk pesti-
cides over existing conventional pesticides include:

e Low impact on human health;
« Lower toxicity to non-target organisms;

o Low potential for groundwater contamination;

Low use rates;

Low pest resistance potential;

Compatibility with Integrated Pest Management prac-
tices.

Reduced-risk registrations apply to specified uses only. Cur-
rent risk-reduced conventional pesticides and organophosphorus
alternatives for use on rice include the fungicides azoxystrobin
and trifloxystrobin, the herbicides cyhalofop-butyl, glufosinate-
ammonium, imazethapyr and penoxsulam, and the insecticides
gamma-cyhalothrin, zeta-cypermethrin, etofenprox and spine-
toram.

I. Impact Reduction Based on Sustainable Green Coffee
Principles and Practices

The Sustainable Agriculture Initiative (SAl)—a food indus-
try platform established to support the development of and
communication about sustainable agriculture and involving all
stakeholders in the food chain—has published principles and
practices for sustainable green coffee production (SAIl, 2007).
SAI has included continuous improvement in the definition of
a sustainable farming system. Records must be kept on the
application of agrochemical inputs providing details of date,
product and amount used. To achieve environmental sustain-
ability, biodiversity and natural ecosystems shall be preserved
and whenever possible improved in coffee areas and on cof-
fee plantations. Whenever feasible, preference should be given
to shade-tree cultivation. Alternatively, significant forest areas
established or maintained as ecological compensation zones.
Shade cover has been shown to be particularly beneficial in
coffee agricultural systems and agroforestry may play an im-
portant role in reducing system vulnerability (Lin et al., 2008).
Favourable conditions should be created for natural enemies of
frequent pests and diseases of coffee plants. Crop protection
should be realised through Integrated Pest Management that
puts the emphasis on mechanical and biological means of con-
trol. For easy implementation of the principles and practices for
sustainable green coffee production, SAI has made a ‘Coffee
Toolbox’ available on their website (www.saiplatform.org).
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FIG. 1. Agrochemical intensity levels Adapted from A Synopsis of Integrated Pest Management in Developing Countries, Natural Resources Institue (UK),

1992.

IV. LOW EXTERNAL INPUT
TECHNOLOGY—ECOLOGICAL APPROACHES TO
PEST MANAGEMENT

A. Agrochemical Intensity Levels

The chemical intensity in any farming system may in-
crease from a stage of non-use (see Non-use in Fig. 1) where
chemical pesticides may not be available to a situation where
problems caused by pesticides may be so severe that culti-
vation has to be abandoned (Pesticide Crisis in Figure 1).
From intensive stages such as excessive use, pesticide reduc-
tion should be an option; moving from a state of reliance on
pesticides and excessive use to a balanced situation where
pesticides are used within an Integrated Pest Management
regime, or pesticide use is constrained by other governing fac-
tors. Pesticide intensity can be decreased further through low
external input technology or non-use (by choice or through
legislation).

Low external input technologies (LEIT) comprise a variety
of mainly biological pest control strategies including those used
in Integrated Pest Management (Tripp, 2006) but excluding the
rational pesticide use (RPU) as a ‘subset’ of IPM. The new The-
matic Srategy for Sustainable Use of Pesticidesin the European
Union is an example of high-level and large-scale ambitions to
guarantee a balanced use of pesticides in agriculture as a min-
imum standard with options for an even lower external input
strategy in agriculture (CEC, 2006). The following are the ob-
jectives of the strategy:

e Minimizing the hazards and risks to health and the
environment from the use of pesticides;

e Improved controls on the use and transportation of
pesticides;

» Reducing the levels of harmful active substances by
substituting the most dangerous with safer (including
non-chemical) alternatives;

o Encouragement of the use of low-input or pesticide-
free cultivation by raising users’ awareness, promoting
the use of codes of good practice, and consideration of
the possible application of financial instruments;

o A transparent system for reporting and monitoring
progress made, including the development of suitable
indicators.

The Centre for Information on Low External Input and Sus-
tainable Agriculture (ILEIA) promotes the adoption of low ex-
ternal input technology through a website and an international
magazine (LEISA) in English supplemented by seven regional
editions for Latin America, India, Indonesia, West Africa, East
Africa, Brazil, and China, respectively (ILEIA, 2009). LEISA
recently has published several timely articles on environment-
conscious pest control and climate change (Bijimakers et al.,
2007; Lanting, 2007; Schut and Sherwood, 2007; Shah and
Ameta, 2008; Winarto et al., 2008).

The relative importance of current pest control strategies in
vegetable crops by geographical region have been summarized
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TABLE 5
Relative importance of current pest control strategies in
vegetable crops by geographical region

Relative importance of
applied pest control

Region strategies

Africa Cultural
Chemical
Mechanical
Biological
Integrated
Chemical
Chemical
Integrated
Biological
Chemical
Biological
Cultural
Chemical
Biological
Integrated
Chemical
Integrated
Biological

Europe

North and Central America

South America

Asia

Australia and the Pacific

WP WNhMNPEPWNhNRPONMNEREONDE WD E

Source: Wright and Hoffmann (2007).

by Wright and Hoffmann (2007), see Table 5. Chemical control
is at the top of the list for most of the regions, despite the fact that
large research efforts have been put into alternatives to chemical
control of many vegetable pests. This continued reliance on
chemicals is also at odds with the growing consumer awareness
of the problems of pesticide residues in edible products (Ekstrom
and Palmborg, 2006).

B. Good Agricultural Practice and the European
Integrated Farming Framework

Good Agricultural Practice (GAP) is defined by the Interna-
tional Code of Conduct on the Distribution and Use of Pesticides
(FAO, 2002) as the officially recommended or nationally autho-
rized uses under actual conditions necessary for effective and
reliable pest control. It encompasses a range of levels of pes-
ticide applications up to the highest authorized use, applied in
a manner which leaves a residue which is the smallest amount
practicable. FAO, the United Nations Food and Agriculture Or-
ganization, maintains a website for ten farm-level GAP appli-
cations (FAO, 2009). The FAO GAP recommendations are all
non-prescriptive and voluntary in character. The ‘Crop Protec-
tion GAP’ contains recommendations aiming at Integrated Pest
Management, judicious use of pesticides and minimized use of
“agrochemicals.”

The European Initiative for Sustainable Development in
Agriculture (EISA) is an alliance consisting of a small group of
national agricultural associations. EISA has agreed on a Euro-
pean Integrated Farming Framework (EISA, 2006) and a Com-
mon Codex for Integrated Farming (EISA, 2009). The alliance
encourages pest control measures that have minimal impact on
the environment and human health and which promote sustain-
ability and profitability. Management of crop health is an essen-
tial part of any farming system if yield, quality, profit and food
safety are to be maintained. Integrated Farming achieves this by
a structured and long-term approach based on the premises that
prevention of problems with pests and diseases is better than
cure.

Integrated farming encourages continuous improvement in
pest control measures. A guiding principle is that a well-
established and well-managed crop will be more competitive
with weeds, more resilient to attack from pests and diseases
and, therefore, should require fewer inputs of crop protection
products.

The Integrated Farming Framework gives guidelines which
in some parts exceed the codes of Good Agricultural Practice.
Crop protection relies principally on cultural, biological, and
mechanical control mechanisms as a first resort, together with
a considerate use of registered “crop protection products,” in
other words used with regard to environment and economic
considerations.

EISA maintains that the key differences between integrated
farmingand codes of Good Agricultural Practice (GAP) are that
the former encourages farmers to look at the whole farm with a
management and planning approach, which combines the best
of traditional practice with the best of modern technology, us-
ing regular internal benchmarking for continuous improvement.
GAP, in contrast, emphasizes rules and regulations concerning
the use, application, and storage of pesticides. Integrated farm-
ing stipulates formulation of crop protection management plans,
staff training in disease and weed identification, and strategies to
avoid build up of resistance. Overall, integrated farming should
encompass continuous monitoring of whether applicable stan-
dards are being maintained or improved, and a continuous eval-
uation of results as well as possible side effects, and hence
permanent improvement of the farming systems

C. Organic Agriculture. Resilience. Biodiversity

Organic production has increased steadily and is now con-
sidered an important part of agricultural production in many
countries (Badgley et al., 2007). This is partly in response to con-
sumer demands for organically grown products. Another reason
is that some countries, particularly in the European Union, have
offered incentives for ‘going organic’; most often in the form of
economic subsidies. Sweden has around 7% of its agricultural
land in certified organic production (Swedish Environmental
Objectives Portal, 2009). Different farmers have different moti-
vations for changing to organic agriculture. Reasons will range
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from ideological based convictions to deciding that organic pro-
duction will be more profitable (Figure 1).

Animportant concept for a sustainable agro-ecosystem is that
of resilience. After a disturbance, a robust ecosystem should be
able to rebuild and renew itself. Agriculture is replete with dis-
turbance; soil tillage, sowing of the crop, harvesting, and use
of pesticides are common in many systems. Intensification of
agriculture tends to deplete arthropod species richness (Attwood
et al., 2008) as loss of diversity in vegetation species and struc-
ture will reduce habitat diversity. As the number of species
becomes small the ecosystem is more vulnerable because some
functional groups may be reduced. For example, if the numbers
of one species of predatory insects are greatly reduced there may
be other species that can ‘pick up the slack’. But in a system
with low biodiversity there could be a lack of species that could
fill the void (Tscharntke et al., 2005) and the ecosystem service
of biological control would decrease. Related to resilience is
the capacity of ecosystems to resist invasion. Many pest species
invade crops, sometimes migrating large distances, and the ac-
tion of resident natural enemies can control this invasion (Settle
et al., 1996; Ostman et al., 2001). Without these enemies the
pests will cause economic damage. Use of insecticides to con-
trol a pest species will also reduce the abundance of natural
enemies, which are often more sensitive to chemical control,
and pest numbers may resurge in the absence of biological con-
trol.

Although there are many studies that have found that biodi-
versity, in general, is higher on organic farms than on conven-
tional farms (Letourneau and Bothwell, 2008) only a few have
demonstrated that the same trend is true for biological control
(Ostman et al., 2001). This comparison is not necessarily useful
for organic growers as they do not use pesticides and must rely
on non-chemical methods to reduce pest attack. Organic growers
can use substitutions for insecticides such as micro-organisms
or botanicals, they can use management practices such as in-
ter cropping, trap cropping, and mulching aimed at increasing
natural enemy abundance or repelling pests from the crop, or a
combination of the two (Nicholls and Altieri, 2007).

V. SUSTAINABLE PEST MANAGEMENT IN THE FACE
OF HUNGER, POVERTY, CLIMATE CHANGE AND
POPULATION GROWTH: A CHALLENGE FOR
AGRICULTURE AND THE INTERNATIONAL
COMMUNITY

A. Current Crop Losses Due to Pests

In 1985, Edwards in a paper on agrochemicals as pollutants
characterized the crop losses caused by pests as ‘enormous.” In
the article, Edwards (1985) estimated losses of potential crop
yields. For a total of 12 crops (vegetables and pulses (grouped
together), cocoa, coffee, copra, cotton, maize, potatoes, rice,
soya beans, sugar cane, wheat) the estimated crop losses in
South America were 28-48 % (average 38%), 30— 5 % (average
45%) in Asia, and 30— 1 % (average 50%) in Africa. Particularly

TABLE 6
Potential and actual crop losses due to animal pests, weeds and
pathogens in six major crops worldwide 2001-2003. Crops in
order of highest potential loss to lowest (1) Figures in brackets
indicate ranges, variation among 19 regions. Averages have
been rounded in this table

Total potential loss (1), Total actual loss,

Crop per cent per cent

Cotton 82 (76-85) 29 (12-48)
Rice 77 (64-80) 37 (22-51)
Potatoes 75 (73-80) 40 (24-59)
Maize 69 (58-75) 31 (18-58)
Soy beans 60 (49-69) 26 (11-49)
Wheat 50 (44-54) 28 (14-40)

Source: Adapted from Oerke (2007).

high losses by continent were estimated for maize in Africa
(75% potential crop loss), sugar cane in Asia (71% potential
loss), and cocoa in South America (48% potential crop loss)
(Edwards, 1985).

The conclusions of the United Nations Conference on En-
vironment and Development (UNCED, 1992) stated that world
food demand projections indicate an increase of 50% by the
year 2000 and demand will more than double again by 2050.
Conservative estimates put pre-harvest and post-harvest losses
caused by pests between 25 and 50%.

Oerke (2007) estimated potential and actual worldwide crop
losses due to pests, weeds and pathogens in six major crops
(cotton, maize, potatoes, rice, soybeans, and wheat) 2001-2003.
Overall potential loss (if no crop protection methods are used,
these can be compared to estimates by Edwards (1985) that are
reported above) ranged from 44 to 85% and actual loss (when
using current control practices) ranged from 11 to 59% (Table
6). The magnitude of potential loss is particularly unsettling as
this is a measure of crop vulnerability if protection methods
should fail. In addition, actual losses are alarmingly high even
though pesticides are used, which raises the question of how
reliable pesticides are. Negative effects on natural enemies, for
example, may actually increase damage by pests.

B. Effects of Climate Change—The Intergovernmental
Panel on Climate Change

By the year 2020, in some countries in Africa, yields from
rain-fed agriculture could be reduced by up to 50% (IPCC,
2007). Agricultural production, including access to food, in
many African countries is projected to be severely compro-
mised. By 2030, production from agriculture is anticipated to
decline over much of southern and eastern Australia and over
parts of eastern New Zealand, due to increased drought and fires.
Production of some important crops in Latin America is pre-
dicted to decrease with adverse consequences for food security.
In temperate zones, increases in soy bean yields are forecasted.
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Overall, an increase in the number of people at risk of hunger
is foreseen, in stark contrast to the Millennium Development
Goals (IPCC, 2007).

With regard to food security, complex and locally negative
impacts on small holders and subsistence farmers are expected.
Cereal productivity will tend to decrease in low latitudes and
increase at mid to high latitudes. Projections include increased
yields in colder environments, decreased yields in warmer envi-
ronments and increased outbreaks of insect pests. Appropriate
adaptation strategies, however, can reduce vulnerability, both
inthe short and long term. Examples given by the IPCC include
adjustment of planting dates and crop variety, crop relocation,
and improved land management, e.g., soil protection through
tree planting.

C. The “Three Worlds of Agriculture”

Three of every four poor people in developing countries live
in rural areas, 2.1 billion living on less than 2 USD per day and
800 million on less than 1 USD per day. Most of them depend
on agriculture for their livelihoods. The World Development
Report 2008 (World Bank, 2008) warns that the agricultural
sector must be placed at the centre of the development agenda
if the goal of reducing extreme poverty and hunger by half by
2015 is to be realized.

A combination of policies can make agriculture more envi-
ronmentally sustainable, e.g., investing in technologies. Many
promising technol ogical innovations can make agriculture more
sustainable. Examples include pest control that relies on bio-
diversity and biological control more than on pesticides. Such
technologies are often location-specific, their development and
adoption requires more decentralized and participatory ap-
proaches, often involving collective action by farmers and com-
munities that are supported by governments.

The World Development Report defines Three Worlds of
Agriculture: agriculture based, transforming, and urbanized, re-
spectively, each with its own recommended agenda and nec-
essary policy attention. Table 7 summarizes IPPC predictions
of effects of climate change, and the World Bank priorities for
development in the Three Worlds of Agriculture.

D. Need for Multiple Knowledge—International
Assessment of Agricultural Knowledge, Science and
Technology for Development

The International Assessment of Agricultural Knowledge,

Science and Technology for Development (IAASTD) was de-

signed to function as a policy guide for stakeholders worldwide.

Global cereal demands are estimated to increase by 75% be-

tween 2000 and 2050, more than three fourths of the growth in

demand is projected to be in developing countries. Emphasis on
increasing yields and productivity may, however, have negative
consequences on environmental sustainability. The I1AASTD
stresses the need for multiple sources of knowledge, traditional
as well as formal. Intensified use of local and formal agricultural

knowledge, science and technology is needed to develop and de-
ploy suitable cultivars adaptable to site-specific conditions and
which can lead to an increase of small-scale diversification. Op-
portunities that could improve sustainability and reduce negative
environmental effects include resource conservation technolo-
gies, improved techniques for organic and low-input systems,
a wide range of breeding techniques for temperature and pest
tolerance, biological control methods for current and emerging
pests and plant diseases, and biological substitutes for chemical
pesticides (IAASTD, 2008).

In contrast to World Bank priorities, knowledge is set at the
center of IAASTD priorities. An increase and strengthening of
agricultural knowledge, science and technology towards ecolog-
ical sciences will contribute to addressing environmental issues
while at the same time maintaining or increasing productivity.
Public policy, regulatory frameworks and international agree-
ments are critical if more sustainable agricultural practices are
to be implemented (IAASTD, 2008).

VI. PROMOTING ADAPTIVE PEST MANAGEMENT IN
THE GLOBAL SOUTH

A. Thirty Years and No Change?

Thirty years ago, the International Commission on Interna-
tional Development Issues reflected on the need of new farming
systems in developing countries appropriate for local circum-
stances, job creation, and ecological balance:

It is important to appreciate that new models are needed for agri-
cultural development in the Third World. The western agricultural
model with its high degree of mechanization and use of chemicals
cannot be simply transferred to developing countries. There are many
examples of mechanization increasing output and employment, and
chemical fertilizers and pesticides have contributed importantly to
raising yields, especially with new plant varieties. But there have
also been examples of unthinking transfers of inappropriate tech-
niques, mechanization leading to significant job destruction at the
local level and ill-advised application of agricultural chemicals. The
need to develop farming systems appropriate to local circumstances,
attentive in particular to employment creation in rural areas which
may help stem the drift to the cities, and to ecological balance, is part
of the case for increasing local research capacity. (Brandt, 1979)

Concerns raised over pesticides in developing countries
thirty years ago are as much a reality today as then. Hazardous
pesticides are still used with little or no personal protection.
Application equipment is inadequately maintained, faulty or not
even available. Most users have no access to washing facilities
or, in the event of accidents, medical services. Illiteracy is still
high in many rural areas while good reading skills are needed
to interpret complex label instructions—even if they are written
in the local language.

Governments in developing countries need to invest more in
the skills required to interpret scientific and technical data and
use it to make sound local risk assessments and to implement
regulations. Resources for raising awareness are equally crucial.
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TABLE 7
The Three Worlds of Agriculture, predicted effects of climate change, and World Bank priorities for agricultural development

Transforming countries of Asia,

Agriculture-based countries of Sub-Saharan
Africa

the Middle East and North
Africa (1)

Urbanized countries in Latin America
and the Caribbean (2)

Predicted effects of climate change (3)

By 2020, in some countries, yields from
rain-fed agriculture could be reduced by
up to 50%. Agricultural production,
including access to food, in many African
countries is projected to be severely
compromised. This would further
adversely affect food security and
exacerbate malnutrition.

prognosis.

Increased yields in colder
environments, decreased
yields in warmer
environments, and increased
insect outbreaks is the
generally applicable

Productivity of some important crops is
projected to decrease with adverse
consequences for food security. In
temperate zones, soy bean yields are
projected to increase. Overall, the number
of people at risk of hunger is projected to
increase.

World Bank priorities for agricultural development (4)

(a) Building markets and value chains;

(b) A smallholder-based productivity
revolution in agriculture;

(c) Expanding agricultural exports;

(d) Securing the livelihood and food
security of subsistence farmers;

(e) Labour mobility and rural nonfarm
development (“beyond agriculture”)

areas;

(a) From green revolution to the
new agriculture;

(b) Dealing with water scarcity;

(c) Making intensive systems
more sustainable;

(d) Development of lagging

(@) Improving livelihoods in subsistence
agriculture and providing social
assistance;

(b) Supplying environmental services;

(c) Territorial development to create rural
jobs

(e) Rural development off the

farm, linked to towns;
() Skills for successful

migration;

(g) Safety nets for those left

behind

(1) Two countries in this region (India and China) are the world’s largest producers of generic pesticides. India is also the world’s largest
producer of organophosphorus pesticides. China is the world’s second largest agrochemical producer by volume (450 thousand tons in 2000).
(2) A country in this region (Argentina) is the world’s third largest producer of generic pesticides.

(3) Sources: Anonymous (2008), based on IPCC (2007).
(4) Source: World Bank (2008).

Most users of pesticides in developing countries not only have
a limited perception of the risks, but also a high acceptance of
risk due to competing priorities essential for survival (Dinham
and Ekstrom, 2000).

B. Particular Needs of Small-scale Farmers in Africa
Whereas agriculture has had a decisive significance for
growth in many Asian countries, shortcomings in African agri-
culture may have led to a stagnated development in many
African countries (Gerremo, 2008). Why then has there not
been more attention devoted to these issues over the years?
African agricultural sectors demonstrate, through continuous
low growth rates and deepening rural poverty, the impact of
externally imposed agricultural policies. African farmers have
faced deteriorating production and market conditions and strug-
gled largely unaided for the last 25 years. Smallholder farmers
are often in competition with large-scale farmers who receive

preferential state support despite strong evidence that small-
holder farmers are more equitable and more efficient per unit of
land. In addition, with the rolling back of the state, extension
services have virtually collapsed (Havnevik et al., 2007).

One suggested solution may be a comprehensive African
sustainable agricultural revolution based on new solutions with
a smallholder focus and with wide stakeholder collaboration.
The Alliance for a Green Revolution in Africa (AGRA) is an
African-led partnership working across the African continent
to help millions of small-scale farmers and their families lift
themselves out of poverty and hunger. AGRA programs are
designed to develop practical solutions to significantly boost
farm productivity and incomes for the poor while safeguarding
the environment. AGRA advocates policies that support its work
across all key aspects of African agriculture from seeds, soil
health and water to markets and agricultural education (website
www.agra-alliance.org). A skeptical view on an African Green
Revolution has been mirrored by Rieff (2008).
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Another possible solution is organic agriculture, increas-
ingly promoted by various actors. In 2008 UNCTAD, the United
Nations Conference on Trade and Development, and UNEP,
the United Nations Environment Programme, jointly noted that
Africa is home to 20-24 percent of the world’s certified organic
farms. Organic agriculture, however, is virtually absent in agri-
cultural education, extension and research and development in
Africa (UNEP/UNCTAD, 2008). The following are recommen-
dations on best practices for organic policy that are aimed at
developing country government (UNEP/UNCTAD, 2009):

« Setting sustainable agriculture as a priority;

o Assessing current policies and programs, and re-
move disincentives to sustainable/ecological/organic
agriculture—for example, subsidies on agrochemicals;

o Training extension workers in sustainable agricultural
practices and varieties;

» Encouraging farmer-to-farmer exchanges;

o Compiling and disseminating indigenous agricultural
knowledge and varieties;

e Funding research on sustainable agriculture, build-
ing on indigenous knowledge, and in partnership with
farmers;

¢ Promoting development of local and regional markets
for organic products;

TheMillennium Villages. A practical plan on how to achieve
the United Nations Millennium Goals in Africa has been de-
signed by Sachs and co-workers (2005). A total of twelve
clusters of Millennium Villages in Sub-Saharan Africa were
selected to represent agro-ecological zones in Africa: maize
(mixed crop), highland (mixed crop), highland perennial, pas-
toral, agro-silvo-pastoral, cereal-root crops (mixed), root crops,
tree crops, coastal artisanal fishing, and irrigated systems.

Each of the 12 clusters of villages is located in a distinct
agro-ecological zone, arid or humid, highland or lowland, grain
producing or pastoral. These agro-ecological zones represent
93% of the agricultural land area in Sub-Saharan Africa, and
the homes of 90% of the agricultural population. The plan was
designed to demonstrate how tailored strategies can overcome
the range of farming, water, plant disease, and infrastructure
challenges facing the continent.

C. Field Schools for Weather Vigilance and Adaptation
to Climate Change

Farmer Field Schools (FFS) were designed by the United
Nations Food and Agriculture Organization to promote Inte-
grated Pest Management in Southeast Asia in a step away from
overuse of chemical pesticides in rice cultivation. The Farmer
Field School approach has since then been applied in other parts
of the world, e.g., Sub-Saharan Africa, and used to study IPM
in vegetables and some other crops. FFS programs have so far
been initiated in 78 countries with four million graduates. Six
countries (Bangladesh, China, India, Indonesia, the Philippines

and Vietnam) account for 91% of the graduates. Crop health,
not pest control, has been the central theme in most FFS curric-
ula. FFS projects in Africa have placed more emphasis on crop
production and marketing and less on crop protection (van den
Berg and Jiggins, 2007). In Latin America and the Caribbean
farmer-to-farmer training and participatory research is being
conducted by the Campesino a Campesino (farmer-to-farmer)
Movement. Sustainable agriculture and livelihoods through inte-
gration of new ecological practices with older, more traditional
methods is in progress in Mexico, Central America and Cuba
(Holt-Gimenez, 2006).

Characteristic components of a Farmer Field School com-
prise field investigations in study plots and surrounding fields,
learning by doing through hands-on work, weekly meetings
ideally over a full growing season or natural crop cycle, field
observations of insect pests, weeds, diseases, and natural ene-
mies, agro-ecosystem analysis in small groups, presentations,
discussions and documentation through writing and drawings.
The groups may consist of 25-30 peer farmers (men and women)
assisted by a facilitator. The facilitator, ideally, is a person fa-
miliar with the setting and the issues to be demonstrated and
discussed. He or she may have an affiliation in the national
government (e.g. Extension), a civil society organization, or the
private sector (Gallagher, 1999; 2003).

The Farmer Field School approach started with an Integrated
Pest Management focus but has undergone a transition into other
areas such as organic agriculture, and has expanded into gener-
ally assisting communities, Community |PM. Consequently, in
addition to the primary goal of training farmers to be experts
in their own fields, FFS graduates may also become trainers
conducting FFS for others in their community, engage in lo-
cal research activities to optimise practices for the local situa-
tion, engage in training curriculum development activities with
trainers and researchers, take the lead in local planning, im-
plementation and evaluation of IPM activities at community
level, including fund raising from local government, the farmer
community or other organizations in their area (Morner et al.,
2002).

In response to emerging threats from increasingly unpre-
dictable weather conditions, extreme weather events and gradual
climate change (’global warming’) (IPCC, 2007), experimental
Climate Field Schools have been set up in Indonesia. In these
field schools, farmers should document plant development so
that they can detect differences in crop phenology and growth
in relation to climatic trends. This documentation should in-
clude abundance of pests and incidence of diseases in the crop
as well as the plant protection measured used. In some societies
there will be traditional information on changes in cropping
systems over long periods of time. Gathering of this type of
information is combined with education on the causes and con-
sequences of climate change. In addition, weather forecasts can
be disseminated to farmers and the possible effect of the coming
weather on the crop can be discussed at field school sessions.
Winarto et al. (2008) in a recent study concluded that climate
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change is an additional reason to build resilience in farmers’
livelihoods.

VII. CONCLUSIONS

Pest Management for the Future. The United Nations Con-
ference on Environment and Development in 1992 concluded
that chemical control of agricultural pests dominated the scene
and that Integrated Pest Management—combining biological
control, host plant resistance and appropriate farming practices,
and minimizing the use of pesticides—was the best option for
the future. Consequently, Integrated Pest Management should
go hand in hand with appropriate pesticide management to al-
low for pesticide regulation and control, including trade, and
for the safe handling and disposal of pesticides, especially those
that are particularly toxic and persistent (UNCED, 1992). These
conclusions in our view are still valid.

In line with these conclusions, the International Code of
Conduct on the Distribution and Use of Pesticides sets volun-
tary standards designed to promote Integrated Pest Manage-
ment. The United Nations Food and Agriculture Organization
has developed pest management guidelines to support the imple-
mentation of the Code. Integrated Pest Management is a central
element of the Code.

The EU strategy for sustainable pesticide use requires that
member states establish all necessary conditions for the im-
plementation of Integrated Pest Management by professional
pesticide users. IPM principles will be mandatory for farmers
in the EU as of 2014. This is a bold goal and it should result
in reduction of pesticide use. It remains to be seen if the IPM
programs that will be developed will be widely implemented for
the variety of crops in the European setting.

Rational Pesticide Use as Part of an IPM Regime. Use of
chemical pesticides will continue to be a component of mod-
ern agriculture for some time to come. Rational pesticide use
aims at maximum efficacy using a minimum of pesticides with
optimised timing of interventions for maximum long-term effi-
ciency and the lowest possible pesticide use. Selection of pesti-
cides with a low impact on non-target organisms and the general
environment will continue to be important. By using classifica-
tions and appropriate labelling that provide important informa-
tion on the environmental—and health—hazards of pesticides,
the environmental risks can be taken into consideration when
choosing plant protection products. Improvements in applica-
tion techniques (*precision farming’) should be explored so that
there will be maximum dose transfer to the biological target,
minimum contamination of the environment, low exposure to
the user, and minimum residues on food crops. Because new ev-
idence of harmful side effects might appear, the classification of
pesticides has to be revised—and communicated—on a regular
basis.

Pesticide Reduction through Continuous | mprovement.
Pesticide reduction has been used by governments and other
actors as a systematic and targeted method to reduce reliance

on pesticides, food residues, use and overall health and environ-
mental risks of chemical pesticides. A number of quantitative
methods have been developed to monitor and evaluate progress
and to enable appropriate feedback to concerned stakeholders
and the general public. The principle of continuous improve-
ment of pest management methods has been incorporated into
a ‘Common Code for the Coffee Community’ and should be
universally applicable.

All stakeholders should strive for continuous improvement
in pest management. Initially this involves a discontinuation of
the most hazardous pesticides and, with time, substitution of
remaining hazardous pesticides with less hazardous ones. At
the starting point there may be no system in place to minimize
pesticide use and the production systems may lack the basic
characteristics of sustainability. The first step therefore may
lead to an intermediate level with improved management, with
a need of further improvement within a fixed transition period.
At this level, all pesticides used should be of low toxicity to
human health and the environment. A system to minimize pesti-
cide use, such as Integrated Pest Management, should also be in
place. Further actions lead to an increase in non-chemical crop
management practices including use of natural enemies, diver-
sification of the agro-ecosystem, use of cultural controls such as
crop rotation, enhancement of biodiversity, and use of the least
toxic pesticides only as a last resort. Pesticides used at this level
should include only those compatible with an Integrated Pest
Management strategy.

Building Resilience and Promoting Adaptive Pest Manage-
ment. Intensification of agriculture has contributed to the loss
of ecosystem services and reduced the resilience of the system.
This is due, in part, to the use of chemical pesticides that lessen
biodiversity and pollute the environment. Consequently, there
is a need to monitor and assess both the environmental and
economic impacts of plant protection measures involving pesti-
cides. In order to restore ecosystem services and build resilience
and sustainability, rational pest control practices must be based
on ecological knowledge. This is, by no means, a simple task as
plant protection schemes will have to be developed or revised in
order to, increasingly, take local conditions into consideration.

Farmers and policy makers will have to be educated about
the ecological interactions in agriculture. They must also learn
to deal with changing conditions and be able to analyze new
situations. These educational programs may take the form of
Farmer Field Schools, Climate Field Schools, or public edu-
cation schemes through the media. Different cultures and ge-
ographical regions will necessarily have to adapt educational
components to fit with local circumstances. The ultimate goal
is to build resilience into farmers’ livelihoods and food pro-
duction. To do so, information is needed on a variety of issues
and on several learning levels. Regional, national, and global
research facilities must play important roles in such a pro-
cess. It is, however, not enough to fund research. Stakeholders
must be an integral part of the process and governments must
give substantial and sustained support; in the forms of financial
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support, policy development, and legislation in order to succeed
in environmentally sound pest management.
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APPENDIX 1
Environmental hazards of selected rice pesticides (1) as reflected by Environmental Impact Quotients, European Union risk
phrases, and International Chemical Safety Cards, respectively. Pesticides in alphabetical order. N/A = not available

Pesticides. International
Chemical Safety Card
No in square brackets (2)

Environmental Impact
Quotient : Ecology
component (3)

European Union
classification of
environmental hazard (4)

Environmental hazard information
included in International Chemical
Safety Cards

2,4-D [33] 31

Bentazone [828] 31

Carbaryl [121] 75 R50

Carbendazim [1277] 96

Carbofuran [122] 81

Carbosulfan [N/A] 127
Chlorpyrifos [851] 73

Chlorpyrifos-methyl [N/A] N/A

Diflubenzuron [N/A] 65

Diquat [1363, diquat 75
dibromide]

R52-53

R52-53

R50-53

R50-53

R50-53
R50-53

R50-53
N/A
R50-53

The substance is harmful to aquatic
organisms.

N/A

The substance is very toxic to aquatic
organisms. This substance may be
hazardous in the environment; special
attention should be given to birds and
honey bees.

The substance is very toxic to aquatic
organisms.

The substance is very toxic to aquatic
organisms. This substance may be
hazardous to the environment; special
attention should be given to soil
organisms, honey bees and birds.

N/A

The substance is very toxic to aquatic
organisms. This substance may be
hazardous in the environment; special
attention should be given to birds and
honey bees. Bioaccumulation of this
chemical may occur along the food
chain, for example in fish and algae.

N/A
N/A

The substance is harmful to aquatic
organisms.

(Continued on next page)
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APPENDIX 1
Environmental hazards of selected rice pesticides (1) as reflected by Environmental Impact Quotients, European Union risk
phrases, and International Chemical Safety Cards, respectively. Pesticides in alphabetical order. N/A = not available (Continued)

Pesticides. International Environmental Impact European Union Environmental hazard information
Chemical Safety Card Quotient : Ecology classification of included in International Chemical

No in square brackets (2) component (3) environmental hazard (4) Safety Cards

Fenithrothion [622] N/A R50-53 The substance is very toxic to aquatic

organisms. This substance may be
hazardous to the environment; special
attention should be given to
Crustacea and honey bees. In the
food chain important to humans,
bioaccumulation takes place,
specifically in fish.

Fenthion [655] N/A R50-53 The substance is very toxic to aquatic
organisms.
Fipronil [1503] 204 R50-53 The substance is very toxic to aquatic

organisms. This substance may be
hazardous in the environment; special
attention should be given to birds and

honey bees.
Flutolanil [1265] 46 N/A The substance is toxic to aquatic
organisms.
Iprodion [N/A] 48 R50-53 N/A
Methoprene [N/A] N/A N/A N/A
Paraquat [5, paraquat 36 R50-53 The substance is very toxic to aquatic
dichloride] organisms. The substance may cause

long-term effects in the aquatic
environment.

Sulfuryl fluoride [1402] N/A R50 N/A
Tebufenozide [N/A] 43 R51-53 N/A
Thiacloprid [N/A] 65 N/A N/A
Trifloxystrobin [N/A] 56 R50-53 N/A

(1) Pesticides with a Codex Alimentarius Maximum Residue Limit (MRL) in rice; Source: CAC, 2008
(2) Source: IPCS/INCHEM, 2009
(3) A higher EIQ value means a higher ecological impact: Source: Kovach et al., 2009
(4) R50 Very toxic to aquatic organisms; R50-53 Very toxic to aquatic organisms. May cause long-term adverse effects in the aquatic environment;
R51-53 Toxic to aquatic organisms. May cause long-term adverse effects in the aquatic environment; R52-53 Harmful to aquatic organisms. May
cause long-term adverse effects in the aquatic environment. Source: Swedish Chemicals Agency, 2009a and 2009b
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Organic agriculture refers to a farming system that enhance
soil fertility through maximizing the efficient use of local resour ces,
while foregoing the use of agrochemicals, the use of Genetic M od-
ified Organisms (GMO), as well as that of many synthetic com-
pounds used as food additives. Organic agriculture relies on a
number of farming practices based on ecological cycles, and aims
at minimizing the environmental impact of the food industry, pre-
serving thelong term sustainability of soil and reducing to a mini-
mum the use of non renewable resources. This paper carriesout a
compar ative review of the environmental performances of organic
agriculturever susconventional farming, and also discussesthedif-
ficulties inherent in this comparison process. The paper first pro-
vides an historical background on organic agriculture and briefly
reportson somekey socioeconomicissuesconcer ning or ganicfarm-
ing. It then focuses on how agricultural practices affect soil char-
acteristics: under organic management soil lossis greatly reduced
and soil organic matter (SOM) content increases. Soil biochemical
and ecological characteristicsappear alsoimproved. Furthermore,
organically managed soils have a much higher water holding ca-
pacity than conventionally managed soils, resulting in much larger
yields compared to conventional farming, under conditions of wa-
ter scarcity. Because of its higher ability to store carbon in the
soil, organic agriculture could represent a meansto improve CO,
abatement if adopted on a large scale. Next, the impact on biodi-
verdity is highlighted: organic farming systems generally harbor
alarger floral and faunal biodiversity than conventional systems,
although when properly managed alsothelatter can improvebiodi-
versity. Importantly, the landscape surrounding farmed land also
appears to have the potential to enhance biodiversity in agricul-
tural areas. The paper then outlines energy use in different agri-
cultural settings: organic agriculture has higher energy efficiency
(input/output) but, on aver age, exhibitslower yieldsand hencere-
duced productivity. Nevertheless, overall, organic agriculture ap-
pears to perform better than conventional farming, and provides
also other important environmental advantages, such ashaltingthe
use of harmful chemicals and their spread in the environment and
along the trophic chain, and reducing water use. Looking at the
future of organic farming, based on the findings presented in this
review, there is clearly a need for more research and investment
directed to exploring potential of organic farming for reducing
the environmental impact of agricultural practices;, however, the
implications of reduced productivity for the socioeconomic system
should also be considered and suitable agricultural policies should
be developed.

Keywords organic agriculture, conventional agriculture, sustainabil-
ity, energy use, GHGs emissions, soil organic matter, car-
bon sink, biodiversity

I. ORGANIC AGRICULTURE: AN INTRODUCTION
Organic agriculture refers to a farming system that bans the
use of agrochemicals such as synthetic fertilizers and pesti-
cides and the use of Genetically Modified Organisms (GMO),
as well as many synthetic compounds used as food additives

(e.g., preservatives, coloring) (IFOAM, 2008; 2010). Organic
agriculture is regulated by international and national institu-
tional bodies, which certify organic products from production to
handling and processing (Codex Alimentarius, 2004; Courville,
2006; EC, 2007; USDA, 2007; IFOAM, 2008; 2010). Its ori-
gins can be traced back to the 1920-1930 period in North Eu-
rope (mostly Germany and UK) (Conford, 2001; Lotter, 2003;
Lockeretz, 2007), and it is now widely spread all over the world.

In this paper we will briefly present the history of organic
agriculture and introduce the key characteristics of organic prac-
tices and principles. The focus of the paper is, then, to review the
main literature on the comparison between organic and conven-
tional agriculture concerning their environmental performances.
Some socioeconomic issues will also be addressed.

We are aware that conventional agriculture can adopt low in-
put, environmentally friendly approaches to management (as in
systems with reduced or no tillage, or integrated pest manage-
ment farming). However, the very fact that organic agriculture is
strictly regulated allows better comparison of the performances
of farming systems with and without agrochemical inputs, and
with or without the adoption of certain management practices.
The main difficulty in comparisons is the blur definition of con-
ventional practices, which range from traditional polycultures
to highly industrial monocultures.

We wish to point out that in the review of the literature we
found a number of studies published in gray literature (reports,
conference proceedings, etc.) in local/national languages, which
are then difficult to both reach and read. In this review we choose
to reduce to a minimum the references to gray literature because
of the difficulty for the reader to find and check the original
works.

A. Organic Principles

The International Federation of Organic Agriculture
Movements IFOAM, a grassroots international organiza-
tion born in 1972, that today includes 750 member or-
ganizations belonging to 108 countries, for details see
http://www.ifoam.org/index.html), states that: “Organic agricul-
ture is a production system that sustains the health of soils,
ecosystems and people. It relies on ecological processes, biodi-
versity and cycles adapted to local conditions, rather than the
use of inputs with adverse effects. Organic agriculture combines
tradition, innovation and science to benefit the shared environ-
ment and promote fair relationships and a good quality of life
for all involved.” (IFOAM, 2010).

The USDA National Organic Standards Board (NOSB) de-
fines organic agriculture as follows: “Organic agriculture is an
ecological production management system that promotes and
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enhances biodiversity, biological cycles and soil biological ac-
tivity. It is based on minimal use of off-farm inputs and on
management practices that restore, maintain and enhance eco-
logical harmony.” (Gold, 2007).

Organic agriculture relies on a number of farming practices
that take full advantage of ecological cycles. In organic farm-
ing systems soil fertility is enhanced by crop rotation, inter-
cropping, polyculture, covering crops and mulching. Pest con-
trol is achieved by using appropriate cropping techniques, bi-
ological control, and natural pesticides (mainly extracted from
plants). Weed control, in many cases the main focal problem for
organic farming, is managed by appropriate rotation, seeding
timing, mechanic cultivation, mulching, transplanting, flaming,
etc. (Howard, 1943; Altieri, 1987; Lampkin, 2002; Lotter, 2003;
Altieri and Nichols, 2004; Koepf, 2006; Kristiansen et al., 2006;
Gliessman, 2007). As with any manipulation of a natural ecosys-
tem, biological control must adopt a cautionary approach when
introducing novel organisms to fight pests. Cases have been re-
ported where introduced ally insects turned out to cause more
harm than those they were supposed to fight (Simberloff and
Stiling, 1996; Hamilton, 2000).

According to IFOAM, organic agriculture should be guided
by four principles:

« health: organic agriculture should sustain and enhance
the health of soil, plant, animal, human and planet as
one and indivisible,

« ecology: organic agriculture should be based on living
ecological systems and cycles, increased soil organic
matter, work with them, emulate them and help sustain
them,

o fairness: organic agriculture should build on relation-
ships that ensure fairness with regard to the common
environment and life opportunities,

e care: organic agriculture should be managed in a pre-
cautionary and responsible manner to protect the health
and well-being of current and future generations and
the environment.

IFOAM argues that organic agriculture is a holistic produc-
tion management system which promotes and enhances agroe-
cosystem health, including biodiversity, biological cycles, and
soil biological activity. An organic production system is, then,
designed to:

« enhance biological diversity within the whole system,

« increase soil biological activity,

« maintain long-term soil fertility,

« recycle plant and animal waste in order to return nutri-
ents to the land, thus minimizing the use of nonrenew-
able resources,

« rely on renewable resources in locally organized agri-
cultural systems,

o promote the healthy use of soil, water and air as well
as minimize all forms of pollution that may result from
agricultural practices,

« handle agricultural products with emphasis on careful
processing methods in order to maintain the organic
integrity and vital qualities of the product at all stages,

e become established on any existing farm through a
period of conversion, the appropriate length of which
is determined by site-specific factors such as the his-
tory of the land, and type of crops and livestock to be
produced.

The organic philosophy aims at preserving the natural en-
vironment; concern towards local floras and fauna as goals for
organic farming are often little understood by consumers and
policy makers.

As stated by FAO (2004, p. iii): “Evidence suggests that
organic agriculture and sustainable forest management not only
produce commodities but build self-generating food systems
and connectedness between protected areas. The widespread
expansion of these approaches, along with their integration in
landscape planning, would be a cost efficient policy option for
biodiversity.”

Concerning environmental performances, some authors warn
that organic practices may not be applicable without considering
the specific situation. Wu and Sardo (2010) list a number of ex-
amples in which the effects of agricultural techniques employed
in organic agriculture could result in worse environmental im-
pacts than conventional practices. The authors, for instance,
argue that, on sloping land, environmental damages from ero-
sion due to mechanical weed control can be more harmful than
that from chemical origin, e.g., spraying with glyphosate [re-
sults from Teasdale et al. (2007), for organic farming on 15%
slope, indicate that if properly managed and in proper condition,
organic farming can still provide benefits for soil]. In addition,
Wu and Sardo (2010) suggest that mulching with polyethy-
lene sheets (permitted in organic farming) is more polluting
than spraying glyphosate, and that flame weeders (permitted in
organic farming) are more costly and energy demanding than
glyphosate and much less efficient in the control of perennial
weeds. It is to be noted that the evaluation of one practice
ought to be contextualized, with the consideration of a range
of factors that determine good or bad management of a land-
scape as a whole. For example, mechanical slope weeding on
its own may be detrimental while if considered within the farm
architecture, its local impact may be compensated with fea-
tures such as hedges and perennials that ensure overall soil
resilience.

Some authors (e.g., Guthman, 2004) argue that as organic
farmers enter large distribution system they may be forced to
shift once again into monoculture and industrial agriculture.
That is because of the pressure from agrifood corporations that
buy and distribute their organic products, and from the market
itself.

B. Origins and Present Situation
In order to help the reader to better understand the foundation
of organic farming, it may be useful to provide a brief sketch of
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the history of the organic agriculture movement. For details on
this topic we will refer the reader to the extensive works of Con-
ford (2001) and Lockeretz (2007) or, for a more concise sum-
mary, to Lotter (2003), Kristiansen (2006), Heckman (2006),
and Gold and Gates (2007). Historical information can also be
found at the website of the main organic associations such as
the British “Soil Association” (http://www.soilassociation.org),
or the international IFOAM (http://www.ifoam.org).

The first organized movement by alternative farmers, who
wanted to adhere to the traditional way of production refus-
ing the new chemical inputs, appeared in Germany at the end
of 1920s. Some tens of farmers, agronomists, doctors and lay
people grouped together after attending the lectures of the
Austrian philosopher and scientist Rudolf Steiner (who de-
veloped also Anthroposophy), in 1924. The experimental cir-
cle of anthroposophical farmers immediately tested Steiner’s
indications in daily farming practice. Three years later a co-
operative was formed to market biodynamic products forming
the association Demeter (for details see Demeter web page at
http://www.demeter.net). In 1928 the first standards for Demeter
quality control were formulated. Biodynamic agriculture, as this
method is named, is well grounded in the practical aspects of
manuring the soil, which is the cornerstone of organic farming,
but it also concerns lunar and astrological scheduling, commu-
nication with “nature spirits” and the use of special potencies
or preparations, that are derived by what might be described as
alchemical means (Koepf, 1976; 2006; Conford, 2001). These
latter practices are not easily “measurable” in scientific terms,
but performance can be assessed using usual agronomic indica-
tors.

While Rudolf Steiner was establishing the roots for the
growth of the biodynamic movement, Sir Albert Howard (1873—
1947), a British agronomist based in India, was trying to develop
a coherent and scientifically based system for preserving soil
and crop health. Upon his return to the UK, he worked to pro-
mote his new approach (Howard, 1943; Conford, 2001). He was
convinced that most agricultural problems were due to soil mis-
management, and that reliance on chemical fertilization could
not solve problems such as loss of soil fertility and pest manage-
ment. He maintained that the new agrochemical approach was
misguided, and that it was a product of reductionism by “labo-
ratory hermits” who paid no attention to how nature worked. In
his milestone book, An Agricultural Testament (1943), Howard
described a concept that was to become central to organic farm-
ing: “the Law of Return” (a concept expressed also by Steiner).
The Law of Return states the importance of recycling all organic
waste materials, including sewage sludge, back to farmland to
maintain soil fertility and the land humus content (Howard 1943;
Conford, 2001).

The first use of the word organic has been ascribed to Walter
Northbourne, the author of Look to the Land, an influential
book published in 1940 in the UK. Within it, he elaborates on
the notion of a farm as an “organic whole,” where farming has
to be performed as a biologically complete process (Conford,

2001). The term “organic” then, in its original sense, describes
a holistic approach to farming: fostering diversity, maintaining
optimal plant and animal health, and recycling nutrients through
complementary biological interactions.

In 1943 in the UK, Lady Eve Balfour (1899-1990) pub-
lished the book The Living Soil, in which she described the
direct connection between farming practice and plant, animal,
human and environmental health. The book exerted a significant
influence on public opinion, leading in 1946 to the foundation
in the UK of “The Soil Association” by a group of farmers,
scientists and nutritionists. In the following years, the organi-
sation also developed organic standards and its own certifica-
tion body. Eve Balfour, who was one of IFOAM’s founders,
claimed that: “The criteria for a sustainable agriculture can be
summed up in one word—permanence, which means adopting
techniques that maintain soil fertility indefinitely, that utilise,
as far as possible, only renewable resources; to avoid those that
grossly pollute the environment; and that foster biological ac-
tivity throughout the cycles of all the involved food chains”
(Balfur, 1977).

In 1940, in an article published in Fact Digest, Jerome I.
Rodale introduced the term “organic agriculture” in the United
States and techniques such as crop rotation and mulching, that
have, since then, become accepted organic practices in the
United States. Although, the idea of organic agriculture came
mostly from the work of Albert Howard. However, Rodale ex-
panded Howard’s ideas in his book Pay Dirt (Rodale, 1945),
adding a number of other “good farming practices.”

Since 1990, with increased public concern for the environ-
ment and food quality, the organic farming movement has gained
the attention of consumers and has undergone national and in-
ternational institutional regulation (Willer and Yussefi, 2006).
According to the recent data by IFAOM (Willer, 2011) there are
37.2 million hectares of organic agricultural land (including in-
conversion areas). The regions with the largest areas of organic
agricultural land are Oceania (12.2 million hectares—32.8%),
Europe (9.3 million hectares—25%), and Latin America (8.6
million hectares—23.1%). The countries with the most organic
agricultural land are Australia, Argentina, and the United States.
It should be noted that it is difficult to compare figures coming
from different countries: most of the area in Australia is pas-
toral land used for low intensity grazing, therefore one organic
hectare in Australia is not directly equivalent (e.g., does not have
the same productivity) to one organic hectare in a European
country.

In the United States, in 2005, for the first time all 50 states
had some certified organic farmland. In 2005, U.S. producers
dedicated over 1.6 million ha of farmland to organic production
systems: 690,000 ha of cropland and 910,000 ha of rangeland
and pasture. California remains the leading State in certified
organic cropland, with over 89,000 ha, mostly for fruit and
vegetable production (Gold, 2007).

According to the data collected from Willer and Yussefi
(2006), the main land uses in organic farming worldwide,
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as a percentage of the total global organic area, are as
follows:

e 5% permanent crops: land cultivated with crops that
do not need to be replanted after each harvest, such as
cocoa, coffee; this category includes flowering shrubs,
fruit trees, nut trees and vines, but excludes trees grown
for wood or timber,

e 13% arable land: land used for temporary crops, tem-
porary meadows for mowing or pasture, market and
kitchen gardens and land temporarily fallow (less than
five years).

+ 30% permanent pasture: land used permanently (five
years or more) for herbaceous forage crops, either cul-
tivated or growing wild (wild prairie or grazing land),

* 52% certified land the use of which is not known but
where wild products are harvested.

C. Organic Standards

Organic farming aims at providing farmers with an income
while at the same time protecting soil fertility (e.g., by crops
rotation, intercropping, polyculture, cover crops, mulching) and
preserving biodiversity (even if tending the local flora and fauna
as a goal for organic farming is often little understood by con-
sumers and policy makers), the environment and human health.
Broader ethical considerations regarding the above aims have
also been made (Halberg et al., 2006; IFOAM, 2008).

In Europe, the first regulation on organic farming was drawn
up in 1991 (Regulation EEC N° 2092/91 — EEC, 1991). Organic
standards prohibit the use of synthetic pesticides and artificial
fertilizers, the use of growth hormones and antibiotics in live-
stock production (a minimum usage of antibiotics is admitted in
very specific cases and is strictly regulated). Genetically mod-
ified organisms (GMOs) and products derived from GMOs are
explicitly excluded from organic production methods.

A revised EU regulation which came into force in 2007 (EC,
2007) added two main new criteria: firstly, food will only be
able to carry an organic logo (certified as organic) if at least
95% of the ingredients are organic (nonorganic products will
be entitled to indicate organic ingredients on the ingredients
list only); secondly, although the use of GMOs will remain
prohibited, a limit of 0.9 percent will be allowed as accidental
presence of authorised GMOs.

In the United States, Congress passed the Organic Foods
Production Act (OFPA) in 1990. The OFPA required the U.S.
Department of Agriculture (USDA) to develop national stan-
dards for organically produced agricultural products, to assure
consumers that agricultural products marketed as organic meet
consistent, uniform standards. The OFPA and the National Or-
ganic Program (NOP) regulations require that agricultural prod-
ucts labelled as organic originate from farms or handling opera-
tions certified by a state or private entity that has been accredited
by USDA (Gold, 2007).

Internationally, organic agriculture has been officially recog-
nised by the Codex Alimentarius Commission (CAC).! In 1991,
the CAC began elaborating guidelines for the production, pro-
cessing, labelling and marketing of organically produced food,
with the participation of observer organizations such as IFOAM
and the EU. The CAC approved organic plant production in June
1999, followed by organic animal production in July 2001. The
requirements in these CAC Guidelines are in line with IFOAM
Basic Standards and the EU Regulation for Organic Food (EU
Regulations 2092/91 and1804/99). There are, however, some
differences with regard to the details and the areas, which are
covered by the different standards.

In the Guidelines for the Production, Processing, Labelling
and Marketing of Organically Produced Foods, CAC at point 5
states that: “Organic Agriculture is one among the broad spec-
trum of methodologies which are supportive of the environment.
Organic production systems are based on specific and precise
standards of production which aim at achieving optimal agroe-
cosystems which are socially, ecologically and economically
sustainable.” (Codex Alimentarius, 2004, p. 4).

Some authors (e.g., Vogl et al., 2005; Courville, 2006) ex-
press concerns about the excessive bureaucratic control posed
by standards on farmers, and warns that excessive bureaucra-
tization of organic agriculture can result a serious burden to
organic farmers because of the economic effort that it takes to
accomplish with all the requirements.

Il. SOME ISSUES CONCERNING COMPARATIVE
ANALYSIS

Often, different approaches to farming system analysis are
employed by different scholars, making comparison of findings
difficult: this is especially true with regards to how the bound-
aries of the farming system are defined. For instance, in ac-
counting for the energy in animal feed or agrochemicals, should
we consider the energy spent for transportation? In a time of
fast globalization where commaodities travel from continent to
continent such a question is not a negligible one.

Moreover, farming system may have different geographical,
climatic and soil characteristics, different crops, different rota-
tion systems (both in crop species and timing) and different sort
of inputs.

Comparative studies tend to focus on specific crops, over
a short period of time. Simplifying the focus of the farming
system analysis, through single commodity versus whole farm
productivity analysis, entails the risk of compromising the un-
derstanding of its complex reality and supplying incomplete

1The Codex Alimentarius Commission was created in 1963 by FAO
and WHO to develop food standards, guidelines and related texts such
as codes of practice under the Joint FAO/WHO Food Standards Pro-
gram. The main purposes of this Program is protecting consumer health,
ensuring fair trade practices in the food trade, and promoting coordi-
nation of all food standards work undertaken by international govern-
mental and non-governmental organizations. (Codex Alimentarius web
page at http://www.codexalimentarius.net/web/index_en.jsp)
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information. Longer-term studies (e.g. a minimum of 10 years)
should be encouraged to gather information—through compa-
rable models—about the true sustainability of different farming
systems.

Energy analysis in agriculture is a complex task (Fluck
and Baird, 1980; Giampietro et al., 1992; Pimentel and Pi-
mentel, 2008; Wood et al., 2006; Smil, 2008). Usually energy
analysis focuses on fertilizers, pesticides, irrigation and ma-
chinery but fails to include important components such as in-
surance, financial services, repairs and maintenance, veterinary
and other services (Fluck and Baird, 1980). Energy efficiency
assessment presents many tricky issues (Giampietro etal., 1992;
Giampierto, 2004; Smil, 2008), and the choice of the system
boundary can account for differences as large as 50% on en-
ergy estimates among studies (Suh et al., 2004; Wood et al.,
2006), and even higher when coming to the assessment of the
whole agri-food system (Giampietro, 2004). Comparing organic
and conventional systems is even more difficult (Dalgaard et al.,
2001; Haas et al., 2001; Pimentel et al., 2005; Kiistermann et al.,
2008; Thomassen et al., 2008; Wu and Sardo, 2010).

Wood et al. (2006), for instance, when studying a cohort
of organic farmers in Australia, found that when direct energy
use, energy related emissions, and greenhouse gas emissions are
measured they are higher for the organic farming sample than
for a comparable conventional farm sample. But when the whole
Life-Cycle Assessment was considered, including the indirect
contributions of all above-mentioned secondary factors, then
conventional farming practices had a higher energy cost. The
authors argue that indirect effects must be taken into account
when considering the environmental consequences of farming,
in particular with regards to energy use and greenhouse gas
emissions. In a comprehensive Life-Cycle Assessment of milk
production in The Netherlands, Thomassen et al. (2008) com-
pared energy consumption (MJ kg~! of milk) for conventional
and organic milk (see also Table 5a and Table 5b). They found
that when comparing direct energy consumption conventional
performed much better (0.6 MJ kg~ of milk) then organic (0.96
MJ kg~! of milk). But when indirect costs were taken into ac-
count, the result was the opposite (conventional 4.47 MJ kg~ of
milk and organic 2.17 MJ kg~* of milk). See also Kiistermann
et al. (2008) in section VB for another example concerning
GHGs emissions.

Comparing efficiency may not be that simple also within
the same experiment. For instance, Gelfand et al. (2010) report
that an alfalfa growing organic system was half as efficient
compared to a conventional system when employing tillage,
and had one third of a conventional system efficiency when
there was no tillage. But the fact that the authors accounted
all the grain (included corn, and soybean) as used directly for
human consumption, while alfalfa were not (of course) can be
questioned. And, in fact, as the authors correctly argue (Gelfand
et al., 2010, p. 4009-4010): “This is because under the Food
scenario alfalfa biomass can be used only as ruminant livestock
feed and conversion efficiency of forage energy to weight gain
by livestock is 9:1. Were we to assume that corn, soybean, and
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wheat were to be used for livestock production rather than direct
human consumption, similar energy conversion efficiencies by
livestock would apply. This would result in about 87% lower
energy output from the grain systems, similar to Alfalfa energy
yields.”

This is an important consideration to keep in mind because
in an organic farming system the value of a crop has to be
understood within awhole cropping system that can span several
years. On the contrary, conventional farming can be based on
a simple system that alternates corn and soybean on a yearly
basis.

To carry on extensive long-term trials for a number of crops
in several different geographical areas would be of fundamental
importance to understand the potential of organic farming as
well as to improve farming techniques in general (Mé&der et al.,
2002; Pimentel et al., 2005; Gomiero et al., 2008; Francis et al.,
this issue).

When comparing organic vs. conventional system “farm-to-
fork” we should also be aware that a possible disadvantage of
organic products is the fact that they account for less than 2% of
global food retail: this smaller economic scale compared to con-
ventional systems could contribute to lower energy efficiency of
collection, preparation and distribution (EI-Hage Scialabba and
Mdiller-Lindenlauf, 2010).

lll.  SOIL BIOPHYSICAL AND ECOLOGICAL
CHARACTERISTICS

In this section we will review the effects of organic agri-
culture on soil biophysical and ecological characteristics and
how these effects relate to the long-term soil fertility. Attempts
to develop a soil quality index can provide an effective frame-
work for evaluating the overall effects of different production
practices (organic, integrated, conventional etc.) on soil quality
(Glover et al., 2000; Mader et al., 2002a; Marinari et al., 2006;
FlieRbach et al., 2007).

A. Soil Erosion and Soil Organic Matter

Soil erosion and loss of Soil Organic Matter (SOM) with
the conversion of natural ecosystems to permanent agriculture
are the most important and intensively studied and documented
consequences of agriculture (Hillel, 1991; Pimentel et al., 1995;
Lal, 2004, 2010; Montgomery, 2007a; 2007b; Quinton et al.,
2010). Intensive farming exacerbates these phenomena, which
are threatening the future sustainability of crop production on a
global scale, especially under extreme climatic events such as
droughts (Reganold et al., 1987; Pimentel et al., 1995; Méder
et al., 2002a; Sullivan, 2002; Lotter et al., 2003; Montgomery,
2007a; 2007b; Lal, 2010; NRC, 2010).

Clark et al. (1998) underlined that increases in SOM follow-
ing the transition to organic management occur slowly, generally
taking several years to detect. This is a very important point to
be kept in mind when assessing the performances of farming
systems under different management practices. Farmers, sci-
entists and policy makers alike should take into consideration
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the evolving and complex nature of organic farming systems,
a complex nature that contrasts with the extreme simplifica-
tion and large dependency on external input that characterize
conventional farming systems. When aiming at long-term sus-
tainability, trade offs should also be considered between obtain-
ing short-term high yields with the aid of agrochemicals, and
maintaining soil health.

Given the crucial importance of soil health, the aim of or-
ganic agriculture is to augment ecological processes that foster
plant nutrition yet conserve soil and water resources. Even if
the soil characteristics are generally site-specific, to date many
studies have proven organic farming to perform better in pre-
serving or improving soil quality with regards to both biophys-
ical (e.g., SOM) and biological (e.g., biodiversity) properties
(e.g., Reganold et al., 1987; Reganold, 1995; Clark et al., 1998;
Drinkwater et al.,1998; Siegrist et al., 1998; FlieRbach et al.,
2000; 2007; Glover et al., 2000; Stdlze et al., 2000; Stockdale
et al., 2001; Méder et al., 2002a; Lotter et al., 2003; Delate
and Cambardella, 2004; Pimentel et al., 2005; Kasperczyk and
Knickel, 2006; Marriott and Wander, 2006; Briar et al., 2007;
Liu et al., 2007).

Although few in number, important long-term studies con-
cerning SOM content and soil characteristics in organic and
conventional soils have been carried out, both in the United
States and Europe. In a long trial of nearly 40 years, Reganold
et al. (1987) compared soils from organic and conventional
farms in Washington, USA. They found that organic fields had
surface horizon 3 cm thicker and topsoil 16 cm deeper than con-
ventionally managed fields. Higher SOM matter content (along
with other better biochemical performance indicators) resulted
in much reduced soil erosion. In addition, soils under organic
management showed <75% soil loss compared to the maxi-
mum tolerance value in the region (the maximum rate of soil
erosion that can occur without compromising long-term crop
productivity or environmental quality —11.2 t ha=* yr—1), while
in conventional soil a rate of soil loss three times the maximum
tolerance value was recorded.

As a result of the Rodale Institute Farming System Trial,
Pimentel et al. (2005) reported that after 22 years the increase
of SOM was significantly higher in both organic animal and
organic legumes systems, where soil carbon increase by 27.9%
and 15.1% respectively, when compared to the conventional
system, where the increase was 8.6%. Moreover, soil Carbon
(C) level was 2.5% in organic animal, 2.4% in organic legume
and 2.0% in the conventional system.

In a 12-year trial in Maryland, Teasdale et al. (2007) found
that organic farming can provide greater long-term soil bene-
fits than conventional farming with no tillage, despite the use
of tillage in organic management. A drawback of the organic
system was the difficulty in controlling weeds, explained by the
authors by a number of factors such as short crop rotation and
remaining crop residues (Teasdale et al., 2007; Cavigelli et al.,
2008). However, the authors argue that despite poor weed con-
trol, the organic systems improved soil productivity significantly
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as measured by corn yields in a uniformity trial conducted in the
American Mid-Atlantic region. The same study also indicates
that supplying adequate nitrogen (N) for corn and controlling
weeds in both corn and soybean are the biggest challenges to
achieving equivalent yields between organic and conventional
cropping systems (Cavigelli et al., 2007). SOM increase for or-
ganic soil has been reported also by Marriott and Wander (2006)
in a long-term U.S. trial.

In the longest trial so far (running for more than 150 years),
and going on at the Rothamsted Experimental Station in the UK,
SOM and soil total N levels have been reported to have increased
by about 120% over 150 years in the organic manured plots, and
only by about 20% in the plots employing NPK fertilizer. Yields
for organic wheat have averaged 3.45 t ha~! on organically
manured plots, compared with 3.40 t ha—! on plots receiving
NPK (Tilman, 1998). Long-term trials in Poland (Stalenga and
Kawalec, 2008) also report consistent increase of SOM under
organic management.

Different findings have also been reported. In an 18-year-long
study in Sweden, Kirchmann et al. (2007, did not find signifi-
cant differences in soil carbon for organic systems compared to
conventional systems. It is to be considered that some can be
increased up to a certain level where it starts leveling-off.

B. Soil Chemical Properties

In an 8-year experiment in the California’s Sacramento
Valley, Clark et al. (1998) found that the transition from
conventional to organic farming improved soil fertility by in-
creasing soil organic C and the pools of stored nutrients. In Eu-
rope, a 21-year Swiss field study on loess soil analyzed the agro-
nomic and ecological performance of biodynamic, organic, and
conventional farming systems (Siegristetal., 1998; Méader etal.,
2002a; FlieRbach et al., 2007). The authors found that the aggre-
gate and percolation stability of both bio-dynamic and organic
plots were 10 to 60% higher than conventionally farmed plots.
This also affected the water retention potential of these soils in
a positive way and reduced their susceptibility to erosion. Soil
aggregate stability was strongly correlated to earthworm and mi-
crobial biomass, important indicators of soil fertility (Méader et
al., 2002a). The long-term application of organic manure pos-
itively influenced soil fertility at the biological, chemical and
physical level, whereas the repeated spraying of pesticides ap-
peared to have negative effects. Compared to stockless conven-
tional farming (mineral fertilizers, herbicides and pesticides),
the aggregate stability in plots with livestock-based integrated
production (mineral and organic fertilizers, herbicides and pesti-
cides) was 29.4% higher, while in organic and bio-dynamic plots
(organic fertilizers only) was 70% higher. The authors underline
the importance of using manure, by means of organic agricul-
ture, as a good practice for soil quality preservation (FlieRbach
et al., 2007). In addition, planting cover crops once the crop is
harvested helps prevent soil erosion, as the soil is kept covered
with vegetation all year long.
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In North Carolina, Liu et al. (2007) found that soils from
organic farms had improved soil chemical factors and higher
levels of extractable C and N, higher microbial biomass carbon
and nitrogen, and net mineralizable N. In Italy, Russo et al.,
(2010) comparing chemical and organic N uptake by crops,
found that altogether more mineral N was released in soil and
water from the organic fertilizer while more N was taken up
by plants with the mineral fertilizer. While microbial popu-
lation in the soil was unaffected by the type and amount of
fertilizers, enzymatic activity responded positively to organic
N and was depressed by the synthetic N form. According to
Walden et al. (1998), organically managed soils may also use
mineral nutrients in a more efficient manner and allow lower
inputs.

C. Nitrogen Leaching

Nitrogen fertilizers are of key importance in intensive con-
ventional agriculture. However, their use turns out to be a major
cause of concern when coming to environmental pollution. The
primary source of N pollution comes from N-based agricul-
tural fertilizers, whose use is forecast to double or almost triple
by 2050 (Tilman et al., 2001; Robertson and Vitousek, 2009;
Vitousek et al., 2009).

A proportion of soluble N leaches deep into groundwater,
ultimately affecting human health, whereas other soluble N
volatilizes (e.g., NOy) to increment GHGs. Considering that
nitrous oxide is the most potent GHG and given the environ-
mental problems associated with the production and use of syn-
thetic fertilizer, there is a great need for researchers concerned
with global climate change and nitrate pollution to evaluate re-
duction strategies (Tilman et al., 2002; Millenium Ecosystem
Assessment, 2005a; Robertson and Vitousek, 2009; Vitousek et
al., 2009).

On average, agricultural system N balances (N input vs. N
removed with crops) in the developed or rapidly developing
worlds are positive (200-300 kg N yr~1), implying substantial
losses of N to the environment. A number of practices can be
implemented in order to reduce N loss. In this regard, legu-
minacae can be used productively as cover crops, absorbing N
through N fixation and building SOM, and in some cases can
also be used by intercropping. The development of crop varieties
with higher efficiencies of N uptake could help capture more of
the N added to annual cropping systems (e.g., Robertson and
Vitousek, 2009; Vitousek et al., 2009). Techniques to reduce N
loss and to increase the efficiency of N uptake are widely used
in organic farming (Drinkwater et al.,1998; Lampkin, 2002;
Kramer et al., 2006), and many trials demonstrate the benefit of
organic farming in reducing N leaching and increasing N uptake
efficiency.

A 9-year trial has been conducted by Kramer et al. (2006)
in commercial apple orchards in Washington State, USA. The
study examined denitrification and leaching from organic, inte-
grated, and conventional systems receiving the same amount of
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N inputs but in different forms. The authors found that annual
nitrate leaching was 4.4-5.6 times higher in conventional plots
than in organic plots, where microbial denitrifier activity is en-
hanced through C inputs as organic fertilizers, crop residues, or
root exudates from cover crops. Integrated plots showed, inter-
mediate leaching, somewhere between organic and conventional
plots. This study demonstrates that organic and integrated fer-
tilization practices support more active and efficient denitrifier
bacterial communities and reduce environmentally damaging
nitrate losses.

Drinkwater et al. (1998) reported better N uptake efficiency
for organic systems, and argued that there are differences in the
partitioning of nitrogen from organic versus mineral sources,
with more legume-derived nitrogen than fertilizer-derived nitro-
gen immobilized in microbial biomass and SOM, so reducing
leaching of NO3 of 60% compared to the conventional control.
Kistermann et al. (2010) report a reduction of N loss in organic
farming, compared with the conventional system. An 18-year
field study in Swedenby Kirchmann et al. (2007) reports dif-
ferent results. The authors found that N leaching is not reduced
in organic farming, even with use of cover crops. The authors
argue that yield and soil fertility were superior in conventional
cropping systems under cold-temperate conditions.

Possible drawbacks from organic fertilization have been re-
ported by some authors (e.g., Tilman et al., 2002; Sieling and
Kage, 2006; Kirchmann et al., 2007; Wu and Sardo, 2010): the
‘slow release’ of nutrients from organic compost or green ma-
nures can be difficult to control and harness and may fail to
match crop demand, resulting in N losses through leaching and
volatilization. Moreover, in organic systems, competition with
weeds can greatly reduce N intake efficiency (Kirchmann et al.,
2007).

Atmospheric nitrous oxide (N,O) is a greenhouse gas nearly
300 times more effective at radiative warming than CO,, and
is produced mainly during the microbially mediated process
of denitrification. There has been a marked increased in at-
mospheric N,O over the past 150 years; about 80% of this
source is associated with agriculture, largely (50%) with fer-
tilized soils (Tilman et al., 2001; Robertson and Vitousek,
2009; Vitousek et al., 2009). Although N,O contributed for
only about 6% to of the global waring potential, it plays a sub-
stantial role in the agricultural contribution to climate change,
and its emissions can offset efforts to use agricultural sys-
tems to mitigate climate change by sequestering CO; or pro-
viding alternative energy sources (Robertson and Vitousek,
2009)

Works by Mathieu et al. (2006) support the hypothesis that an
increase in soil available organic carbon leads to N, emissions as
the end product of denitrification, whilst Petersen et al. (2006),
in a study concerning five European countries, found that N
input is a significant determinant for N,O emissions from agri-
cultural soils, and that N,O emissions from conventional crop
rotations were higher than those from organic crop rotations (ex-
cept in Austria), with significant differences between locations
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and crop categories. Stalenga and Kawalec (2008) found that
N,O emission for organic farming systems was about 66%
lower than conventional systems and 50% lower than integrated
systems.

Inalong-term study in southern Germany, Flessa et al. (2002)
also found reduced N,O emission rates in organic agriculture,
although yield-related emissions were not reduced. Contrasting
result are reporter by Bos et al. (2006, in Niggli et al., 2009)
with a reduction of the GHGs on Dutch organic dairy farms and
in organic pea production areas, and higher GHGs emissions for
organic vegetable crops (e.g., leek and potato).

D. Water Use and Resistance to Drought

Water use efficiency is determined by the amount of crop
yielded divided by the amount of water used (Stanhill, 1986;
Morison et al., 2008). Several ways to improve water use
efficiency in organic agriculture have been proposed, including
reducing evaporation through minimum tillage, mulching, us-
ing more water-efficient varieties and inducing microclimatic
changes to reduce crop water requirements (Stanhill, 1986;
Pretty et al., 2006; Morison et al., 2008). Sustainable agri-
cultural practices can be effective in improving water use ef-
ficiency in particular in poor developing country affected by
water scarcity (Pretty et al., 2006). Organic farming proves to
be effective both at enhancing soil water content and improve
water use efficiency.

Long-term crop yield stability and the ability to buffer yields
through climatic adversity will be critical factors in agriculture’s
capability to support society in the future. A number of studies
have shown that, under drought conditions, crops in organically
managed systems produce higher yields than comparable crops
managed conventionally. This advantage can result in organic
crops out-yielding conventional crops by 70-90% under se-
vere drought conditions (Lockeretz et al., 1981; Stanhill, 1990;
Smolik et al., 1995; Teasdale et al., 2000; Lotter et al., 2003;
Pimentel et al., 2005). According to Lotter et al. (2003), the
primary mechanism for higher yields in organic crops is due
to higher water-holding capacity of soils under organic man-
agement. Others studies have shown that organically managed
crop systems have lower long-term yield variability and higher
cropping system stability (Smolik et al., 1995; Lotter et al.,
2003).

As part of the Rodale Institute Farming System Trial (from
1981 to 2002), Pimentel et al., (2005) found that during 1999,
a year of extreme drought, (with total rainfall between April
and August of 224 mm, compared with an average of 500 mm)
the organic animal system had significantly higher corn yield
(1,511 kg per ha) than either organic legume (412 kg per ha) or
the conventional (1,100 kg per ha) systems.

For soybean both organic systems performed much better
than the conventional system (Table 1).

Pimentel et al. (2005) estimated the amount of water held in
the organic plots of the Rodale experiment in the upper 15 cm
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TABLE 1
The Rodale Institute Farming System Trial, crops performance
under drought condition, data after Pimentel et al. (2005).

Yield (kg hat)

Farming system Corn Soybean
Organic animal 1,511 1, 400
Organic legume 412 1, 800
Conventional 1,100 900

of soil at 816.000 liters per ha. In heavy loess soils in a temper-
ate climate in Switzerland water holding capacity was reported
being 20 to 40% higher in organically managed soils than in
conventional ones (Méder et al., 2002a).

The primary reason for higher yield in organic crops is
thought to be due to the higher water-holding capacity of
the soils under organic management (Reganold et al., 1987;
Sullivan, 2002; Lotter et al., 2003). Soils in the organic system
capture more water and retain more of it, up to 100% higher in
the crop root zone, when compared to conventional. Such char-
acteristics make organic crop management techniques a valuable
resource in this present period of climatic variability, providing
a better buffer to environmental extremes, especially in devel-
oping countries.

A soil’s texture (the proportions of sand, silt, and clay present
in a given soil), and aggregation (how the sand, silt, and clay
come together to form larger granules) determine air and water
circulation, erosion resistance, looseness, ease of tillage, and
root penetration. Texture is a given property of the native soil
and does not change with agricultural activities. Aggregation,
however, can be improved or weakened through the timing of
farm practices. Among the practices that destroy or degrade
soil aggregates are: excessive tillage, tilling when the soil is too
wet or too dry, using anhydrous ammonia (because it speeds
the decomposition of organic matter), using excessive nitrogen
fertilization, or using salty irrigation water or sodium-containing
fertilizers, which results in the excessive buildup of sodium
(Sullivan, 2002). It has been estimated that for every 1% of
SOM content, the soil can hold 10.000-11.000 liters of plant-
available water per ha of soil down to about 30 cm (Sullivan,
2002).

However, it has to be pointed out that local specificity plays
an important role in determining the performance of a farming
system: what is sustainable for one region may not be for another
region or area (Smolik et al., 1995). So, more work has to be
done to acquire knowledge about the comparative sustainability
of different farming systems.

Adaptive measures to cope with climate change should trea-
sure knowledge gained from organic farming. Extensive exper-
imentation should be conducted to gain better understating of
the complex interaction among farming practices, environmen-
tal characteristics and agroecosystem resilience.
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E. The Potential for Organically Managed Farming
Systems to Operate as a Carbon Sink and Contribute
to GHGs Reduction

Annual fossil CO, emissions increased from an average of
6.4 Gt C (or 23.5 Gt CO;) per year in the 1990s to 7.2 Gt C (or
26.4 GtCO,) per year in 2000-2005. CO, emissions associated
with land-use change are estimated to average 1.6 GtC (5.9
GtCO,) per year over the 1990s, although these estimates have
a large uncertainty (IPCC, 2007).

Agricultural activities (not including forest conversion) ac-
count for approximately 5% of anthropogenic emissions of CO,
and the 10-12% of total global anthropogenic emissions of
GHGs (5.1 to 6.1 Gt CO, eq. yr~! in 2005), accounting for
nearly all the anthropogenic methane and one to two thirds of
all anthropogenic nitrous oxide emissions are due to agricultural
activities (IPCC, 2000, 2007).

In 2008, in the United States, agricultural activities were
responsible for about 7% of total U.S. GHGs emissions in 2008
(with livestock as major contributors) with an increase of 10%
from 1998 to 2008 (U.S. EPA, 2010).

According to Smith at al. (2008) many agricultural practices
can potentially mitigate GHG emissions, such as: improved
cropland and grazing land management, restoration of degraded
lands and cultivated organic soils; and point out that the current
levels of GHG reduction are far below the technical potential
of these agricultural practices. Smith et al. (2008) estimate that
agriculture could offset, at full biophysical potential, about 20%
of total global annual CO, emissions.

Some authors (Kern and Johnson, 1993; Schlesinger, 1999)
report that converting large areas of U.S. cropland to con-
servation tillage (including no-till practices), could sequester
all the CO, emitted from agricultural activities in the United
States, and up to 1% of today’s fossil fuel emissions in the
United States. Similarly, alternative management of agricul-
tural soils in Europe could potentially provide a sink for about
0.8% of the world’s current CO, release from fossil fuel
combustion.

Lal (2004) has estimated that the strategic management of
agricultural soil that is moving from till to no-till farming (also
known as conservation tillage, zero tillage, or ridge tillage) has
the potential to reduce fossil-fuel emissions by 0.4 to 1.2 Gt C
yr—1. This equals to a reduction of 5% to 15% of global CO,
emissions.

In a 10-year systems trial in American Midwest, Grandy and
Robertson (2007) found that compared to conventional agricul-
ture, increases in soil C concentrations from 0 to 5 cm occurred
with no-till (43%), low input (17%) and organic (24%) manage-
ment. Soil carbon fixation is possible for conventional agricul-
ture ranging from 8.9 gC m=2y~1 (0.89 tha—* y~1) in row crops
t0 31.6 gC m~2 y~! (3.16 t ha—! y~1) in the early successional
forage crops. Reduction in land use intensity increases soil C ac-
cumulation in soil aggregates. The authors argue that soil tillage
is of key importance to determine soil C accumulation and sug-
gest that there is high potential for carbon sequestration and
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offsetting atmospheric CO, increases by effective management
of agriculture land.

Evidence from numerous long-term agroecosystem experi-
ments indicates that returning residues to soil, rather than re-
moving them, converts many soils from “sources” to “sinks”
for atmospheric CO, (Rasmussen et al., 1998; Lal, 2004; Smith
et al., 2008).

Properly managed agriculture and SOM increase in culti-
vated soil play an important role in the storage of carbon, and
this has been addressed by many authors (e.g., Janzen, 2004;
Drinkwater et al., 1998; Stockdale et al., 2001; Pretty et al.,
2002; Holland, 2004; Lal, 2004; Pimentel et al., 2005; IPCC,
2007; Smith et al., 2008). This carbon can be stored in soil
by SOM and by aboveground biomass through processes such
as adopting rotations with cover crops and green manures to
increase SOM, agroforestry, and conservation-tillage systems.
According to a review carried out by Pretty et al. (2002), carbon
accumulated under improved management increased by more
than 10 times, from 0.3 up to 3.5 tC ha=! yr—1.

Organic agriculture practices play an important role in en-
hancing carbon storage in soil in the form of SOM. Results
from a 15-year study in the United States, where three dis-
trict maize/soybean, two legume-based and one conventional
agroecosystems were compared, led Drinkwater et al. (1998)
to estimate that the adoption of organic agriculture practices in
the maize/soybean grown region in the U.S. would increase soil
carbon sequestration by 0.13 to 0.30 10'* g yr—1. This is equal to
1-2% of the estimated carbon released into the atmosphere from
fossil fuel combustion in the USA (referring to 1994 figures of
1.410% gyr ).

Both because there is a limit to how much carbon the soil
can capture acting as a carbon sink and because fossil fuels are
being used at a very rapid pace, conversion to organic agriculture
only represents a temporary and partial solution to the problem
of carbon dioxide emissions Foereid and Hggh-Jensen (2004)
developed a computer model for organic agriculture acting as
carbon sink, and simulations show a relatively fast increase in
the first 50 years, by 10-40 g C m—2 y~! on average; this increase
would then level off, and after 100 years reach an almost stable
level of sequestration.

Although organic agriculture may represents an important
option to reduce CO,, long-term solutions concerning CO, and
GHGs emission abatement should rely on a more general change
of our development path, for instance by reducing overall energy
consumption.

F. Soil Ecology, Biodiversity, and Its Effects on Pest
Control
One hectare of high-quality soil contains an average of 1,300
kg of earthworms, 1,000 kg of arthropods, 3,000 kg of bacteria,
4,000 kg of fungi, and many other plants and animals (Pimentel
et al., 1992; Lavelle and Spain, 2002). Transition to organic
soil management can benefit soil biodiversity. In this context, it
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should also be noted that SOM play an essential role in increas-
ing soil biodiversity (Pimentel et al., 2006).

Enhancement of soil microbes and soil microfauna by organic
inputs has been demonstrated in alternative farming systems
across different climatic and soil conditions (Paoletti et al., 1995,
1998; Gunapala and Scow, 1998; Fliebach and Mader, 2000;
Hansen et al., 2001; Mé&der et al., 2002a; Marinari et al. 2006;
Tu et al., 2006; Briar et al., 2007 FlieRbach et al., 2007; Liu
et al., 2007; Birkhofer et al., 2008; Phelan, 2009).

Hansen et al. (2001), reviewing several studies on soil bi-
ology, found that organic farming is usually associated with a
significantly higher level of biological activity, represented by
bacteria, fungi, springtails, mites and earthworms, due to its ver-
satile crop rotations, reduced applications of nutrients, and the
ban on pesticides.

In a Swiss long-term experiment (Siegrist et al., 1998; Mader
et al., 2002a; FlieBbach et al., 2007), soil ecological perfor-
mance were greatly enhanced under biodynamic and organic
management.

Microbial biomass and activity increased under organic man-
agement, root length colonized by mycorrhizae in organic farm-
ing systems was 40% higher than in conventional systems.
Biomass and abundance of earthworms were from 30 to 320%
higher in the organic plots as compared with conventional. Al-
though the number of species of carabid beetles were not sig-
nificantly higher in organic and biodynamic system compared
to conventional (28-34 in biodynamic; 26-29 in organic and
22-26 in conventional), still some specialized and endangered
species were reported to be present only in the two organic
systems.

Concerning soil health, Briar et al. (2007) conclude that tran-
sition from conventional to organic farming can increase soil
microbial biomass, N and populations of beneficial bacterivore
nematodes while simultaneously reducing the populations of
predominantly plant-parasitic nematodes. The authors also in-
dicate that reducing tillage provides benefits for the development
of a more mature soil food web.

In a seven-year experiment in Italy, Marinari et al. (2006)
compared two adjacent farms, one organic and one conventional,
and found that the fields under organic management showed sig-
nificantly better soil nutritional and microbiological conditions;
with an increased level of total nitrogen, nitrate and available
phosphorus, and an increased microbial biomass content, and
enzymatic activities.

Liu et al. (2007) report that in North Carolina microbial
respiration in soils from organic farms was higher than that
in low-input or conventional farms, indicating that microbial
activity was greater in these soils, and that populations of fungi
and thermophiles were significantly higher in soils from organic
and low-input when compared to those of conventional fields.

Birkhofer et al. (2008) found that organic farming fosters
microbial and faunal decomposers and this propagates into the
aboveground system, sustaining a higher number of generalist
predators, thereby increasing natural pest control. The authors,
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however, note that grain and straw yields were 23% higher in
systems receiving mineral fertilizers and herbicides then the
organic systems.

Soil management also seems to affect pest response. A num-
ber of studies report pest preferring plants which have been
nurtured with synthetic fertilizer rather than those growing in
organically managed soil (Phelan et al., 1995, 1996; Alyokhin
et al., 2005; Hsu et al., 2009). This is explained by the “mineral
balance hypothesis” (Phelan et al., 1996), which states that or-
ganic matter and microbial activity associated with organically
managed soils allow to enhance nutrient balance in plants, which
in turn can better respond to pest attack. Phelan and colleagues
(Phelan et al., 1995; 1996; Phelan, 2009) report that under green
house controlled experiments, females of European corn borer
(Ostrinia nubilalis) were found to lay consistently fewer eggs in
corn on organic soil than on conventional soil. Research on the
effect of butterfly Pieris rapae crucivora, a cabbage pest, by Hsu
et al. (2009) indicated that these butterflies preferred to lay eggs
on foliage of synthetically fertilized plants (authors argue that
proper organic fertilization can increase plant biomass produc-
tion and may result lower pest incidence). Moreover, Alyokhin
et al. (2005) reported that densities of Colorado potato beetle
(Leptinotarsa decemlineata) were generally lower in plots re-
ceiving manure soil amendments in combination with reduced
amounts of synthetic fertilizers compared to plots receiving full
rates of synthetic fertilizers, but no manure.

A more complex relation between soil fertilization and crop
pest has been found by Staley et al., (2010). The authors report
that two aphid species showed different responses to fertiliz-
ers: the Brassica specialist Brevicoryne brassicae was more
abundant on organically fertilized plants, while the generalist
Myzus persicae had higher populations on synthetically fertil-
ized plants. The diamondback moth Plutella xylostella (a cru-
cifer specialist) was more abundant on synthetically fertilized
plants and preferred to oviposit on these plants. The authors
found also that glucosinolate concentrations were up to three
times greater on plants grown in the organic treatments, while
nitrogen content as maximized on plant foliage under higher or
synthetic fertilizer treatments.

IV. BIODIVERSITY

Biodiversity refers to the number, variety and variability of
living organisms in a given environment. It includes diver-
sity within species, between species, and among ecosystems
(Wilson, 1988; Gaston and Spicer, 2004; Koh et al., 2004; Chi-
vian and Bernstein, 2008). The concept also covers how this
diversity changes from one location to another and over time.
Biodiversity assessment, such as the evaluation of the number
of species in a given area, or the more affordable use of bioindi-
cators, can help in monitoring certain aspects of biodiversity
(Paoletti, 1999; Biichs, 2003; Duelli and Obrist, 2003; Paoletti
etal., 2007a), even if due attention should be paid to the compar-
ison procedure (Gotelli and Colwell, 2001; Duelli and Obrist,
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2003; Pocock and Jennings, 2007). Within the term biodiver-
sity also fall the biodiversity of crops and reared animals and
the management strategy of the farm itself (e.g., rotation pat-
tern, intercropping) (Lampkin, 2002; Caporali et al., 2003; Noe
et al., 2005; Norton et al., 2009)

The most dramatic ecological effect of agriculture expansion
on biodiversity has been habitat destruction, which, along with
soil erosion and the intensive use of agrochemicals (e.g., pes-
ticides and fertilizers), has combined to threaten biodiversity
(Paoletti and Pimentel, 1992; Pimentel et al., 1995; Krebs et al.,
1999; Benton et al., 2003; Foley et al., 2005; Pimentel et al.,
2006; Butler et al., 2007; Paoletti et al., 2007b). According to
Czech et al. (2000), in the United States agriculture has con-
tributed to endangering biodiversity more than any other cause
except urbanization.

Organic farming can offer a possible solution to halt, or
reduce, biodiversity loss by a number of means such as preser-
vation of ecological elements of the landscape, reduction in the
use of harmful chemicals and alleviation of stress caused on soil
ecology.

A. Organic Farming and Biodiversity

Whether organic agriculture enhances biodiversity has been
a matter of research and debate for the last decades (Paoletti
and Pimentel, 1992; Moreby et al., 1994; Stockdale et al., 2001;
Shepherd et al., 2003; Bengtsson et al., 2005; Fuller et al., 2005;
Hole et al., 2005; Hyvonen, 2007; Norton et al., 2009).

Extensive analysis (e.g., Moreby et al., 1994; Pfiffner and
Niggli, 1996; Méder et al., 2002a; Caporali et al., 2003; Bengts-
son et al., 2005; Fuller et al., 2005; Hole et al., 2005; Rosche-
witz et al.,2005; Gabriel et al., 2006, 2010; Clough et al., 2007a;
Hyvdnen, 2007; Hawesa at al., 2010), suggest that organic farm-
ing is generally associated with higher levels of biodiversity with
regards to both flora and fauna.

A wide meta-analysis by Bengtsson et al. (2005) indicated
that organic farming often has positive effects on species rich-
ness and abundance: 53 of the 63 studies analyzed (84%) showed
higher species richness in organic agriculture systems, but a
range of effects considering different organism groups and land-
scapes. Bengtsson et al. (2005) suggest that positive effects of
organic farming on species richness can be expected in inten-
sively managed agricultural landscapes, but not in small-scale
landscapes comprising many other biotopes as well as agricul-
tural fields. A review of the literature carried out by Hole et al.
(2005) confirms the positive effect of organic farming on biodi-
versity, but authors point out that such benefits may be achieved
also by conventional agriculture when carefully managed (a
finding that seems supported also by other authors, e.g., Gibson
et al., 2007), and indicate the need for long term, system-level
studies of the biodiversity response to organic farming.

Comparing local weed species diversity in organic and con-
ventional agriculture in agricultural areas in Germany, Rosche-
witz et al. (2005) found that weed biodiversity was influenced
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by both landscape complexity and farming system. The authors
reported that local management (organic vs. conventional) and
complexity of the surrounding landscape had an influence on
alpha, beta and gamma diversities of weeds in 24 winter wheat
fields. Species diversity under organic farming systems was
clearly higher in simple landscapes, but conventional vegetation
reached similar diversity levels when the surrounding landscape
was richer because of the presence of refugia for weed popu-
lations. Roschewitz et al. (2005) argue that agri-environment
schemes designed to preserve and enhance biodiversity should
not only consider the management of single fields but also that
of the surrounding landscape. Along similar lines, in Finland,
Hyvdnen et al. (2003) studied diversity and species composition
of weed communities during spring in cereal fields cultivated
by organic, conventional cereal and conventional dairy crop-
ping, and concluded that organic cropping tends to promote
weed species diversity at an early phase of cropping history,
in particular for species susceptible to herbicides. The authors,
however, argue that a change in species composition would re-
quire a longer period of organic cropping. In Scotland, Hawesa
at al. (2010) found significantly more weeds in the seedbank
and emerged weed flora of organic farms compared to either
integrated or conventional farms and concluded that organic
systems tend to support a greater density, species number and
diversity of weeds compared to conventional management.

It has been demonstrated that when farming management
is turned from conventional to organic, the weed populations
can be restored to a state comparable to that before application
of intensive cropping measures (Hyvonen and Salonen, 2002;
Hyvdnen, 2007). However, the recovery of the weeds is reported
to differ between species, with species with a more rapid recov-
ery being nitrophilous species that suffered from the application
of herbicides, or species that were tolerant against herbicides.
Perennial species favored by grasslands showed the slowest re-
covery. The authors point out that application of diverse crop
rotations in organic cropping is the focal factor affecting species
composition of weed communities.

Pfiffner et al. (2001) conducted a review of 44 investigations
worldwide concerning the effects of organic and conventional
farming on fauna, and reported organic farming as performing
much better on both organism abundance and species diversity.

In Swiss trials (Pfiffner and Niggli, 1996; Méader et al., 2002a;
Pfiffner and Luka, 2003), earthworms, carabids, epigeal spiders
and other epigeal arthropods have been reported to be more
abundant and with higher biodiversity in organic/biodynamic
fields compared to conventional fields. They suggest the higher
abundance might depend upon low-input and organic fertiliza-
tion, more favorable plant biota protection management (espe-
cially weed management) and possibly upon closer interaction
with semi-natural habitats.

Ekroos et al. (2010), comparing both weed and carabid bee-
tles biodiversity, find that, in the case of weds, organic farming
increased both insect-pollinated as well as overall weed species
richness, whereas the proportion of insect-pollinated weed
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species within the total species richness was unaffected by farm-
ing practices; on the other hand, in the case of carabid beetles
a positive correlation with organic farming was less evident.
Pfiffner and Niggli (1996) reports higher diversity and abun-
dance of carabid beetles (90% greater) and other epigeic arthro-
pods on organic plots of winter wheat than in conventional plots.
Research carried out in North Eastern Italy in different types of
orchards and vineyards found that arthropods, carabid species
and earthworms were more abundant in organic than in con-
ventional agroecosystems (Paoletti et al., 1995, 1998). Greater
abundance of earthworms (up to more than 100%) and insects
for organic farms has been reported also for Swiss farming sys-
tem (Pfiffner and Mader, 1997; Pfiffner and Luka, 2007).

In the largest and most comprehensive study of organic farm-
ing in the UK to date, Fuller et al. (2005) shows that organic
farms provide greater benefits for a range of wildlife (including
wild flowers, beetles, spiders, birds and bats) than their con-
ventional counterparts. Fuller et al., (2005) found that organic
fields were estimated to hold 68-105% more plant species and
74-153% greater abundance of weeds (measured as cover) than
nonorganic fields support, 5-48% more spiders in preharvest
crops, 16-62% more birds in the first winter and 6-75% more
bats (see also Wickramasinghe et al., 2004, who have found
that organic farming is beneficial to bats, both through provi-
sion of more structured habitats and higher abundance of insect
prey). These studies indicate that organic farming systems pro-
vide greater potential for biodiversity than their conventional
counterparts, as a result of greater variability in habitats and
more wildlife-friendly management practices, which results in
real biodiversity benefits, particularly for plants. Plants indeed
showed far more consistent and pronounced responses to the use
of organic systems when compared to other taxa, as reported also
by Bengtsson et al. (2005).

In the case of other taxa, Fuller et al. (2005) report that even
where significant differences were detected, the results showed
high variability and wide confidence intervals. Compared to
the review by Bengtsson et al. (2005), Fuller et al. (2005) in
their meta-analysis find that predatory invertebrates showed a
significant response to agricultural practices only infrequently.

Results from Swedish research on butterfly species diver-
sity in organic and conventional farms (Rundlof and Smith,
2006; Rundlof et al., 2008) indicate that both organic farm-
ing and landscape heterogeneity significantly increased butterfly
species richness and abundance. Authors report also that there
was a significant interaction between farming practice and land-
scape heterogeneity, and organic farming significantly increased
butterfly species richness and abundance only in homogeneous
rather than heterogeneous landscapes.

A previous Swedish study (Weibull et al., 2003) did not find
differences when comparing the biodiversity and abundance
of plants, butterflies, rove beetles and spiders in organic and
conventional farms, while carabids richness was higher in con-
ventional farms. The authors argued that species richness was
higher on farms with a heterogeneous landscape, while farming
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practice was of relatively less importance in relation to land-
scape features for species richness.

A review of literature on carabid beetles in organic and
conventional farming system in Germany and Switzerland by
Doring and Kromp (2003) found that in most cases species rich-
ness was higher in the organically than in the conventionally
managed fields.

No difference for carabids biodiversity were instead reported
by the USDA Farming Systems Project in Maryland, by Clark
et al. (2006) in organic, no-till, and chisel-till cropping systems.

According to van Elsen (2000), economic pressure leads to
an improvement in mechanical weed control and undersowing,
so that supporting and developing a diverse arable field flora can-
not be done automatically just by converting to organic farming.
Rather, an integration with the guiding vision of organic agricul-
ture is needed, and measures to support the richness of species
of arable field plants in organic fields have to be developed.

B. Biodiversity and Landscape

An increasing body of evidence indicates that landscape het-
erogeneity is a key factor in promoting biodiversity in the agri-
cultural landscape (Benton et al., 2003; Purtauf et al., 2005;
Schmidt et al., 2005; Tscharntke et al., 2005; Gabriel et al.,
2006, 2010; RundI6f and Smith, 2006; Clough et al., 2007b;
Norton et al., 2009). A mosaic landscape may support a larger
number of species in a given area, simply because the landscape
contains a larger number of habitats. Organic farming system
produced greater field and farm complexity than farms employ-
ing a nonorganic system (Gabriel et al., 2006, 2010; Clough
et al., 2007b; Norton et al., 2009). In Germany, Gabriel et al.
(2006, 2010) found that plant species in wheat organic farm-
ing made the greatest contribution to total species richness at
the meso (among fields) and macro (among regions) scale due
to environmental heterogeneity. Rundléf and Smith (2006) ar-
gue that organic farming, with its exclusion of pesticides and
longer crop rotation, may, on a landscape scale, increase habitat
heterogeneity and biodiversity.

Some scholars argue that because many organic farms are of-
ten isolated units, embedded in nonorganic farmland managed
with conventional levels of pesticide and fertilizer inputs, of-
fering a relatively low levels of habitat heterogeneity, this may
reduce the benefits offered by organic farming as well as by
species colonization. In these cases, organic farming probably
offer insufficient resources to affect population sizes of species
with large spatial needs, such as birds (Bosshard et al., 2009;
Brittain et al., 2010).

Concerning invertebrates, agricultural landscapes with or-
ganic crops have overall been reported to support higher biodi-
versity for pollinator (Holzschuh et al., 2008), butterfly (RundIof
and Smith, 2006), carabid beetle (Purtauf et al., 2005), spiders
(Fuller et al., 2005; Schmidt et al., 2005), and a number of in-
vertebrates taxa (Benton et al., 2003; Bengtsson et al., 2005;
Clough et al., 2007). It has to be pointed out that the extent of
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non-crop habitat in the vicinity of organic farms (usually larger
than for conventional farms) is likely to be beneficial for biodi-
versity (Holzschuh et al., 2007; Norton et al., 2009). Holzschuh
et al. (2007), for instance, found that landscape heterogeneity
and the availability of semi-natural nesting habitats resulted in
higher bee diversity on farmland.

It would appear that the extension of organic farming is a po-
tential means of reestablishing heterogeneity of farmland habi-
tats, and thereby enhancing farmland biodiversity. However, the
total area of organic farmland relative to nonorganic is gen-
erally small (a few points percentage of the total agricultural
area per country). Strategies aimed at increasing both the to-
tal extent of organic farming and the size and contiguity of
individual organic farms could help to restore biodiversity in
agricultural landscapes (Fuller et al., 2005; Tscharntke et al.,
2005; Bosshard et al., 2009). This strategy is supported also
by other authors. Benton et al. (2003) for instance, argue that,
rather than concentrating on particular farming practices, pro-
moting heterogeneity widely across agricultural systems should
be a universal management objective.

Given the body of evidence accumulated so far, it is clear
that measures to preserve and enhance biodiversity in agroe-
cosystems should be both landscape and farm specific (e.g.,
Paoletti, 1999; Thies and Tscharntke, 1999; Hole et al., 2005;
Pimentel et al., 2005; Roschewitz et al., 2005; Tscharntke et
al., 2005; Gabriel et al., 2006, 2010; Rundl6f and Smith, 2006;
Holzschuh et al., 2008; Norton et al., 2009). Unfortunately, it is
difficult to provide reliable recommendations concerning agri-
cultural land management in order to enhance biodiversity and
ecosystem services, because there is still little knowledge about
the relation among agricultural land management, both at farm
and at landscape level, and ecosystem services. (Tscharntke et
al., 2005; Gabriel et al., 2006, 2010).

C. Biodiversity and Pest Control

One key feature of agricultural intensification has been the
increasing specialization in the production process, resulting in
reduction in the number of crop and livestock species, leading
to monoculture and intensive farming (Zhu et al., 2000; Mat-
son et al., 1997; Tscharntke et al., 2005). On the other hand,
it has been demonstrated that increasing crop genetic diversity
can play an important role in pest management and in control-
ling crop disease, as well as enhance pollination services and
soil processes (Zhu et al., 2000; Barberi, 2002; Hajjar et al.,
2008). Zhu et al. (2000), for instance, demonstrated that crop
heterogeneity is a possible way to solve the problem of vulner-
ability of monoculture crops to disease. Barberi (2002) argues
that weed management should be tackled on a long time frame
and needs deep integration with the other cultural practices, so
as to optimize whole system control.

Agriculture intensification results also in a dramatic sim-
plification of landscape composition and in a sharp decline of
biodiversity. This also affected the functioning of natural pest
control, as natural habitats provide shelter for a broad spec-
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trum of natural species that operate as pest control for all crops
(Pimentel et al., 1992; 1997; Kruess and Tscharntke, 1994;
Pimentel, 1997; Thies and Tscharntke, 1999; Barbosa, 2003;
Altieri and Nicholls, 2004; Perfecto et al., 2004; Bianchi et al.,
2006; Crowder et al., 2010).

Preserving landscape-ecological structures (e.g., hedgerows,
herbaceous strips, woodlot) means also preserving their func-
tion as a haven for beneficial organisms that can provide useful
services to agriculture. On the contrary, reducing ecological
structures and causing habitat fragmentation results in a sig-
nificant reduction in local biodiversity and its impact in the
biological control of pests (Kruess and Tscharntke, 1994; Som-
maggio et al., 1995; Paoletti et al., 1997; Thies and Tscharntke,
1999; Letourneau and Goldstein, 2001; Thies et al., 2003, 2005;
Bianchi et al., 2006; Gardiner et al., 2009).

Letourneau and Bothwell (2008) argue that few studies have
measured biodiversity effects on pest control and yield on or-
ganic farms compared to conventional farms, while relevant
studies suggest that an increase in the diversity of insect preda-
tors and parasitoids can have both positive and negative effects
on prey consumption rates. As mentioned earlier in this paper,
Briar etal. (2007) reported the positive role of the transition from
conventional to organic farming in increasing populations of
beneficial bacterivore nematodes while reducing plant-parasitic
nematodes.

Perfecto et al. (2004) found that in coffee farms in Chiapas,
Mexico, birds could potentially reduce pest outbreak in farms
with higher floristic diversity, thus providing partial evidence in
support of the “insurance hypothesis.” In organic cereal fields
in Germany, Westerman et al. (2003) found that seed predation
by birds contributes substantially to the containment of weed
population growth.

Other experiments proved the role of vegetation and bird
presence in reducing pest outbreaks. Mols and Visser (2002,
2007), for instance, found that big tit (Parus major L.), a Eu-
ropean cavity-nesting bird, reduces the abundance of harmful
caterpillars in apple orchards by as much as 50 to 99%. In the
Netherlands, the foraging of P. major increased apple yields by
4.7 10 7.8 kg per tree.

Although some studies do not find a correlation between
landscape complexity and parasitoid diversity (e.g., Menalled
et al., 1999), most of them do confirm the importance of eco-
logical structures for harbouring beneficial organisms. Research
in Italy found that hedgerows in organic farming can improve
consistently the number and abundance of invertebrates and can
host important key species of predators and parasitoids that can
provide a natural pest control for crops (Paoletti and Lorenzoni,
1989; Sommaggio et al., 1995; Paoletti et al., 1997). In an ex-
tensive experiment to assess the effectiveness of natural pest
control provided to soybean by natural pest predators, 26 repli-
cate fields were set across Michigan, Wisconsin, lowa, and Min-
nesota over two years (2005-2006) (Gardiner et al., 2009). The
authors found that the abundance of Coccinellidae was related
to landscape composition, with beetles being more abundant in
landscapes with an abundance of forest and grassland compared
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with landscapes dominated by agricultural crops. Landscape
diversity and composition at a scale of 1.5 km surrounding
the focal field explained the greatest proportion of variation
in biological control service index (based on relative suppres-
sion of aphid populations and on Coccinellidae abundance).
The authors conclude that management aimed at maintaining or
enhancing landscape diversity has the potential to stabilize or
increase biocontrol services.

Bianchi et al. (2006) reach the same conclusions. They find
that enhanced natural enemy activity showed correlation with
presence of herbaceous habitats such fallows and field mar-
gins (80% of cases), and also with presence of wooded habitats
(71%), and of landscape patchiness (70%). The authors conclude
that all these landscape characteristics are equally important in
enhancing natural enemy populations, and claim that diversified
landscapes hold most potential for the conservation of biodiver-
sity and perform a pest control function.

It is often assumed that if the reduction in agrochemicals on
organic farms allows the conservation of biodiversity, it on the
other hand must have some cost in terms of increased pest dam-
age. In an experiment in tomato farms in California, Letourneau
and Goldstein (2001) tested such a claim. The authors found
no evidence of increased crop loss when synthetic insecticides
are withdrawn. The authors stress the importance of large-scale
on-farm comparisons for testing hypotheses about the sustain-
ability of agroecosystem management schemes and their effects
on crop productivity and associated biodiversity.

Recently, Crowder et al. (2010) showed that such insecticides
disrupt the communities of pest natural enemies, reducing the
effectiveness of pest control. Authors claim that organic farm-
ing methods can mitigate this ecological damage by promot-
ing evenness among natural enemies, implying that ecosystem
functional rejuvenation requires restoration of species evenness,
rather than just richness, and that organic farming can offer
a means of reestablishing functional evenness to ecosystems.
Bahlai et al. (2011), however, point out that organic pesticides
may not represent always the best solution to mitigate environ-
mental risk.

It has to be pointed out that biodiversity conservation, by
retaining local food web complexity can also represent an effec-
tive management strategy against the spread of invasive species
that often act as pests in new environments (Kennedy et al.,
2002). This may help to avoid the drawback from using exotic
natural enemies to fight novel invasive species, as species in-
troduced for biocontrol can act as invasive species in their own
right (Thomas and Reid, 2007).

V. ENERGY USE AND GHGs EMISSION

A. Energy Efficiency

Organic farming has been reported to provide a better ratio
of energy input/output (Table 2). (For further figures see also
the review by Lynch et al., 2011)

The main reasons for higher efficiency in the case of or-
ganic farming are: (1) lack of input of synthetic N-fertilizers
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(which require high energy consumption for production and
transport and can account for more than 50% of the total en-
ergy input), (2) low input of other mineral fertilizers (e.g., P, K),
lower use of highly energy-consumptive foodstuffs (concen-
trates), and (3) the ban on synthetic pesticides and herbicides
(Lockeretz et al., 1981; Pimentel et al., 1983; 2005; Refsgaard
et al., 1998; Cormack, 2000; Stockdale et al., 2001, Haas et
al., 2001; FAO, 2002; Lampkin, 2002; Hoeppner et al., 2006;
Kasperczyk and Knickel, 2006; Kiistermann et al., 2008; Lynch
etal., 2011). According to estimates carried out in a study con-
ducted by the Danish government (Hansen et al., 2001), upon
100% conversion to organic agriculture a 9-51% reduction in
total energy use would ensue (the rate of reduction depend-
ing on the level of imported feeds and the numbers of animals
reared).

However, when calculating energy input in terms of physical
output units, a reduced advantage in employing organic systems
was observed (Cormack, 2000; Stockdale et al., 2001). On aver-
age, yield from arable crops is reported to be 20% to 40% lower
in organic systems compared to conventional systems, whereas
the yield for horticultural crops could be as low as 50% that of
conventional; grass and forage production is reported between 0
and 30% lower for organic systems (Cormack, 2000; Stockdale
et al., 2001; Méder et al., 2002a, 2002b; Cavigelli et al., 2007;
Kirchmann et al., 2007; Kistermann et al., 2008).

Dalgaard et al. (2001) argue that the energy efficiency, cal-
culated as the yield divided by the energy use (MJ ha~!), was
generally higher in the organic system than in the conventional
system, but the yields were also lower. This meant that con-
ventional crop production had the highest net energy produc-
tion, whereas organic crop production had the highest energy
efficiency.

Inindustrial societies, energy efficiency per se may not be the
goal. Increasing productivity per hour of labor is in fact what
modern society aims at, and this may lead us in the opposite
direction (decreasing overall energy efficiency) (Giampietro,
2004). This inverse relation between total productivity and effi-
ciency is typical for traditional agriculture and intensive agricul-
ture. When comparing corn production in intensive U.S. farming
systems and a Mexican traditional farming system the former
had an efficiency (output/input) of 3.5:1 while the latter of 11:1
(using only manpower). However, when coming to total net en-
ergy production, intensive farming system accounted for 17.5
million kcal ha—tyr=1(24.5 in output and 7 in input), while tra-
ditional just 6.3 million kcal ha=tyr=* (7 million in output and
0.6 million in input) (Pimentel, 1989).

On the other hand, some studies have found organic produc-
tion comparable to that of conventional systems (Clark et al.,
1999; Pimentel et al., 2005). Clark et al. (1999) argue that or-
ganic and low-input tomato systems can produce yields similar
to those of conventional systems but that factors limiting yield
may be more difficult to manage: N availability in the case of
organic systems and water availability in that of convention-
ally managed systems. In the Rodale long-term study (Pimentel
et al., 2005) organic performance is comparable to conventional
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TABLE 2
Comparison of energy efficiency (input/output) per unit of production of organic as percent of conventional farming systems.

Farming System

Energy Efficiency organic

Reference as % of conventional

Analysis for crops under organic and conventional management

Wheat in USA Pimentel et al. (1983) +29/4-70
Wheat in Germany (various studies) Stolze et al. (2000) +21/443
Wheat in Italy FAO (2002) +25
Corn in USA Pimentel et al. (1983) +35/4-47
Apples in USA Pimentel et al. (1983) —95
Potatoes in Germany (3 studies) Stolze et al. (2000) +7/429
Potatoes USA Pimentel et al. (1983) —13/-20
Rotations of different crop systems in Iran Zarea et al. (2000) (in FAO, 2002) +81
Rotations of different crop systems in Poland Kus and Stalenga (2000) (in FAQ, 2002) +35
Danish organic farming Jargensen et al. (2005) +10
Whole system analysis (Midwest — USA) with Smolik et al. (1995) +60/4-70
comparable output
Crop rotations (wheat-pea-wheat-flax and Hoeppner et al. (2006) +20
wheat-alfalfa-alfalfa-flax) in Canada
Apricot in Turkey Gundomup (2006) +53
Olive in Spain Guzman and Alonso (2008) +50
Crop rotations Kustermann et al. (2008) +9
Results from Long-Term Agroecosystem Experiments

Apples in USA Reganol et al. (2001) +7
Various crop systems Méder et al. (2002) +20/+56%
Organic and animals Pimentel et al. (2005) +28
Organic and legumes Pimentel et al. (2005) +32
Organic vs. conv. with tillage Gelfand et al. (2010) +10
Organic vs. conv. no tillage Gelfand et al. (2010) -30

performance with indicators
(Table 3).

As previously mentioned, it has to be pointed out that un-
der drought conditions organic systems produce higher yields
than comparable crops managed conventionally, up to 70-90%
(Lockeretz et al., 1981; Stanhill, 1990; Smolik et al., 1995;
Lotter et al., 2003; Pimentel et al., 2005).

It appears that the energetic performances of different farm-
ing systems depend on the crops cultured and specific farm
characteristics (e.g., soil, climate). Pimentel et al. (1983), who
reported lower energy efficiency in organic potatoes, ascribed
it to reduced yield due to insect and disease attacks that could
not be controlled in the organic system. In the case of apples
there is a striking difference between data reported by Pimentel
et al. (1983) and Reganold et al. (2001). This can be explained
by different management techniques and their improvement in
the last 20 years.

respect to key agronomic

B. GHGs Emission
Agricultural contributions to CO, emissions come from con-
sumption of energy in the form of oil and natural gas, both

TABLE 3
A comparison of the rate of return in calories per fossil fuel
invested in production for major crops - average of two organic
systems over 20 years in Pennsylvania (based on Pimentel,
2006, modified).

Yield Labor Energy  output/
Crop Technology (tha=!) (hrs ha=?!) (kcal x 108) input
Corn  Organic? 7.7 14 3.6 7.7
Corn  Conventional> 7.4 12 5.2 5.1
Corn  Conventional® 8.7 11.4 8.1 4.0
Soybean Organic* 2.4 14 2.3 3.8
Soybean Conventional® 2.7 12 2.1 4.6
Soybean Conventional® 2.7 7.1 3.7 3.2

! Average of two organic systems over 20 years in Pennsylvania.

2 Average of conventional corn system over 20 years in Pennsylvania.

3 Average U.S. corn.

4 Average of two organic systems over 20 years in Pennsylvania.

5 Average conventional soybean system over 20 years in Pennsylva-
nia.

6 Average of U.S. soybean system.
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directly (e.g., field work, machinery) and indirectly (e.g., pro-
duction and transport of fertilizers and pesticides). Changes in
soil ecology can also result in carbon release into the atmo-
sphere. Deforestation is an important contributor to CO, emis-
sions, occurring when forest land is removed to provide more
land to plant crops. NH, emissions come from livestock, mainly
from enteric fermentation but also from manure and rice fields.
N,O comes mainly from the soil (denitrification) and to a lesser
extent from animal manure (IPCC, 2007). On the other hand,
it is possible to reduce direct and indirect carbon emissions
by reducing the use of agrochemicals, pumped irrigation and
mechanical power, which account for most of the energy in-
put in agriculture. It has also been suggested that organic farms
can develop biogas digesters to produce methane for home and
commercial use (Pretty et al., 2002; Hansson et al., 2007). This
technology is, however, not limited to organic management.

Stélze et al. (2000), in their review of European farming
systems, saw trends toward lower CO, emissions in organic
agriculture but were not able to conclude that overall CO, emis-
sions are lower per unit of product in organic systems compared
to the conventional ones. The authors reported that the 30%
higher yields in conventional intensive farming in Europe can
compensate for the lower CO, emissions per unit of products in
organic agriculture.

Haas et al. (2001) conducted a Life Cycle Assessment of
the environmental impacts of 18 grassland farms in three dif-
ferent farming intensities (intensive, extensified, and organic)
in southern Germany. They found that extensified and organic
farms reduce energy consumption and Global Warming Poten-
tial (GWP). The authors found that the area-related GWP de-
creases for intensive (9.4t CO, eq. ha™!), extensified (7.0t CO,
eq. ha—?) and organic farms (6.3 t CO, ha™1), accordingly. With
regards to product-related energy use, extensified farms (1.0 t
CO; eq. ha™') cause the lowest GWP, whereas intensified and
organic farms (1.3 t CO, eq. ha~1) produce the same emissions.
Lower CO, and N,O~emissions of organic farms are compen-
sated by a higher emission of CH, per unit of produced milk,
because of lower milk yields.

Comparing the performances of single crops can produce
very different results from those obtained when comparing the
whole cropping system within which that specific crop is found.
Kistermann et al. (2008), for instance, report that GHGs per
ha for winter wheat are comparable between organic and con-
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ventional system. On a harvested biomass basis, lower yields
in organic farming involved higher emissions (496 kg CO, eq.
Mg~! for the organic system and 355 kg CO, eq. Mg~ for
the conventional), when all products relating to the whole crop
rotation are considered, organic management is shown to result
in lower emission (263 kg CO, eq. Mg, for the organic sys-
tem against 376 kg CO, eq. Mg~ for the conventional system)
(Table 4).

Modeling of a transition to organic production in Canada,
Pelletier et al. (2008) found that a total transition of Canadian
canola, corn, soybean and wheat production to organic manage-
ment may reduce the overall national energy consumption by
0.8%, GHGs emissions by 0.6%, and acidifying emissions (from
N and S compounds) by 1%. The authors argue that although
organic farming systems have a slightly higher fuel-related en-
ergy consumption, still their average total energy demand has
been estimated at about 40% that of conventional management,
mainly due to the use of synthetic fertilizer and pesticide (quite
costly in terms of energy demand) in conventional systems.
Such calculations, however, do not account for organic compost
shipments over long distance.

Wood et al. (2006) carried out a comprehensive environmen-
tal impacts analysis of Australian agriculture, and argue that
organic production has smaller indirect impacts than conven-
tional production, and that a transition to organic farming could
be a viable way of reducing energy use and GHG emissions,
while maintaining employment and economic benefits. In their
review, Lynch et al. (2011) fond that organic systems has gner-
ally lower GHGs emission per ha but the results are variable on
a per unit of product basis.

C. Integrating Animal Husbandry

In organic farming, animal husbandry is carried out taking
into account ethical concerns regarding the well being of the ani-
mals, and therefore, amongst other practices, it promotes natural
behavior of cows by having them spend most of the grazing pe-
riod outdoors, it limits the use of drugs and endorses the use
of feed coming from crops where the use of synthetic fertiliz-
ers and pesticides is forbidden (Lund, 2006). This translates to
better consumer health, having meat without an extra supply of
(synthetic) hormones and traces of antibiotics.

According to some authors (Subak, 1999; Cederberg and
Stadig, 2003; Koneswaran and Nierenberg, 2008a, 2008b)

TABLE 4
CO, emissions for some productions (data from Kiistermann et al., 2008).

GHGs emission per ha (kg CO, eq. ha™%)

GHGs emission per production unit (kg CO, eq. t™1)

Study Conv. Organic Org. as % of conv. Conv. Organic Org. as % of conv.
Winter wheat 2,333 1,669 71 355 496 140
Similar crop rotation 2,717 887 32 376 263 70
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organic animal husbandry has the potential to reduce GHG emis-
sions and sequester carbon through better pasture management.
Raising cattle for beef organically on grass, in contrast to fat-
tening confined cattle on concentrated feed, may emit 40% less
GHGs and consume 85% less energy than conventionally pro-
duced beef. According to Williams et al. (2006), most organic
animal production reduces primary energy use by 15% to 40%,
with the exception of organic poultry meat and egg production,
which increase energy use by 30% and 15% respectively.

How to develop appropriate analytical methods to assess the
sustainability of organic meat and milk production is, however,
still work in progress and a matter of debate (e.g., De Boer,
2003; Avery and Avery, 2008; Koneswaran and Nierenberg,
2008a; 2008b; Muller-Lindenlauf et al., 2010).

A study of German dairies by Haas et al. (2001) reports an
energy use per unit of milk for organic agriculture that is less
than half of that of conventional farming, and less than one-
third per unit of land. For instance, De Boer (2003), argued
that at present we cannot directly compare results of differ-
ent LCA studies. The author noted that, for example, absolute
GWP differs largely among studies because of differences in
allocation or normative values used with respect to CH, and
N,O emission. Lacking a standardized protocol for LCA, De
Boer (2003, p. 76) stated that “conventional and organic pro-
duction systems can be compared only within a case study.”
Avery and Avery (2008) of the Huston Institute (a think tank
based in Washington D.C.), challenged the data by Koneswaran
and Nierenberg (2008a), whose figures indicated organic an-
imal production systems performing better than conventional,
claiming that the authors were comparing highly different envi-
ronmental and cultural contexts (Sweden and Japan), and citing
different studies to support different conclusion. Koneswaran
and Nierenberg (2008a; 2008b), on the other hand, replied that
the LCA cited by Avery and Avery (2008) are still misleading
and, in some cases, wrongly quoted. Further to the LCA is-
sue, De Boer (2003), argued also that experimental farms, from
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which comparison between organic and conventional animal
production are made, do not necessarily represent correspond-
ing production systems. Miller-Lindenlauf et al. (2010), called
for the adoption of a more complex approach, arguing that fo-
cussing only on the classical environmental impact categories
(e.g. energy efficiency, GWP) may lead to different results than
a system approach that includes a broader range of relevant
impacts and ecological benefits. However, there were slightly
higher methane emissions per unit of organically produced milk,
and the authors estimated that the final GWP of the two farming
systems was similar (Tables 5a and 5b). Most LCA undertaken
thus far report that organic management results in a bit less or
equal footprints as compared to conventional. While outcomes
rate organic management positively on a per hectare basis, per-
formance per unit of production is less positive as organic man-
agement tends to yield less than conventional.

A German study based on a multicriterial assessment of
milk production of organic and conventional farms (Miiller-
Lindenlauf et al., 2010), concludes that organic farming tends
to have less negative environmental effects than conventional
farming. Results are, however, not neat. The authors found that
intensive farm types tend to be advantageous in global cate-
gories such as climate impact and land demand. On the other
hand, low-input farm types have significant advantages with re-
gards to ammonia emissions, animal welfare and milk quality.
The authors argue that carrying on an environmental impact
assessment analyzing only a few indicators, e.g., GHGs emis-
sion and energy consumption, leads to different conclusions
than an overall analysis taking into account a large number
of regional and local factors. When considering land demand
Muiller-Lindenlauf et al. (2010) report that arable land demand
(ha/1000 kg milk) was 0.07 for organic grasslands vs. 0.1 for
conventional grasslands, and 0.03 for organic mix farm vs. 0.1
for conventional mix farm. That means that organic milk pro-
duction was 3 to 10 times less dependent on arable land. Even if
organic management resulted slightly higher on the overall land

TABLE 5a
Energy use and carbon emission in milk production in organic and conventional systems.

Energy Consumption (GJ ha™?)

Energy Consumption (GJ t—1)

Org. as Org. as
Study Conv.  Organic  %ofconv. Conw. Organic % of conv.
Cederberg and Mattsson (1998) 22.2 17.2 77 2.85 241 85
Refsgaard et al. (1998) - - - 3.34 2.16/2.88 75/87
Cederberg and Mattsson (1998) in Haas et al. (2001) - - - 2.85 2.4 92
Haas et al. (1995) in Haas et al. (2001) 19.4 6.8 35 - - -
Haas et al. (2001) 19.1 5.9 31 2.7 1.2 46
Thomassen et al. (2008)* 4.4 2.17 51
Miiller-Lindenlauf et al. (2010) — Grassland - - - 1.52 1.2 79
Muiller-Lindenlauf et al. (2010) — Mix farm - - - 1.17 1.32 113

(*) including indirect costs.
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CO; Emission (kg CO, ha™?1)

CO, Emission per Production Unit (kg CO, t™1)

Org. as Org. as
Study Conv. Organic % ofconv. Conv. Organic % of conv.
Haas et al. (2001) 9,400 6,300 67 1,2802 4282 33
Haas et al. (2001) - - - 1,300°  1,300° 0
Thomassen et al. (2008)* - - - 1,400 1,500 107
Miiller-Lindenlauf et al. (2010)-Grassland - - - 1,036 1,172 113
Muller-Lindenlauf et al. (2010)-Mix farm - - - 917 1,082 118

aconsidering only CO, emission; ®’summing up CH4 and N,O emissions as CO, equivalents, the CH, and N,O emissions are comparably
low, but due to the high Global Warming Potential (GWP) of these trace gases their climate relevance is much higher.

(*) including indirect costs.

demand (0.31 and 0.28 for organic vs. 0.27 and 0.22 for conven-
tional), still the impact of organic farming on soil (e.g., soil loss,
SOM, biodiversity) can be considered lower than that of con-
ventional farming. Again, neither chemical residues in milk nor
pesticide use in crops production were taken into consideration
as sustainability indicators (and in some contexts pesticide use
is indeed a cause of concern). The points raised should not be
taken as criticism, as the work just described can be considered a
nice and welcomed attempt to adopt a multicriterial approach in
order to account for key indicators in a comprehensive farming
system analysis. Our aim is to illustrate the complex nature of
farming system analysis when attempting a comparison between
different systems and the assessment of what is “the best.”

In a review comparing milk production performance of or-
ganic and conventional systems, De Boer (2003) claims that few
exact figures are available, especially on the amount of NO,
and CH, emitted from dairy cattle production, and concludes
that, firstly, the potential environmental impact of conventional
and organic milk production is based largely on comparison
of experimental farms, which do not necessarily represent the
corresponding production systems Secondly, he suggests that
different indicators provide different levels of performance; for
instance, CH4 emission appears higher in organic systems, while
eutrophication potential per tonne of milk and per ha appears
lower for organic milk production than for conventional. Thirdly
the author argues that organic milk production potentially re-
duces leaching of NOz and PO, , due to lower fertilizer applica-
tion rates.

VI. CONSTRAINTS TO THE ADOPTION OF ORGANIC
AGRICULTURE

A. Feasibility

The benefits associated with the adoption of organic farming
practices have been questioned by many authors to different
degrees. Some authors claim that organic farming is an ideology
rather than a scientific approach to agriculture (e.g., Kirchmann

and Thorvaldsson, 2000; Rigby and Caceres, 2001; Trewavas,
2001, 2004; Edwards-Jones and Howells, 2001; De Gregori,
2003). Others express a milder form of criticism based on the
concern that not all organic agriculture strategies can be applied
globally and without many local adjustments, and because of this
lack of coherence, they suggest that this approach may actually
lead to a worsening of agricultural problems (e.g., Tilman et al.,
2002; Elliot and Mumford, 2002; Wu and Sardo, 2010).

Some authors (e.g., Elliot and Mumford, 2002) suggest the
adoption of integrated farming, rather than upholding solely
organic practices, which they find more harmful than con-
ventional farming, for instance in the case of pest control
technologies.

B. Labor Productivity

When assessing the socioeconomic sustainability of farming
enterprises, labor productivity is a key indicator. Organic farms,
although performing better in terms of energy efficiency, gen-
erally require more labor than conventional ones, ranging from
about 10% up to 90% (in general about 20%), with lower val-
ues for organic arable and mixed farms and higher labor inputs
for horticultural farms (Lockeretz et al., 1981; Pimentel et al.,
1983; 2005; FAO, 2002; Foster et al., 2006).

Case studies in Europe for organic dairy farms report a com-
parable high labor input (FAO, 2002). Little data exists for pig
and poultry farms. In some long term trials, productivity per
hectare and hour of work for organic and conventional crops
(corn and soybean) were comparable (Pimentel et al., 2005;
Pimentel, 2006).

In order to gain insight into the sustainability of a farming sys-
tem, different perspectives such as land use, working time and
energy use should be employed at the same time (Giampietro,
2004; Gomiero et al., 2006). Data on energy efficiency cannot
be detached from the “metabolism” of the social system where
agriculture is performed. High energy efficiency may imply low
total energy output that, for a large society with limited land,
may not be a sustainable option, menacing food supply for urban
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populations. With the current emphasis on promoting a green
economy and paying farmers for environmental services, or-
ganic agriculture offers great potential to generate green jobs
and revitalize rural areas. We warn, however, about looking at
organic agriculture as a mean to produce biofuels (Giampietro
and Ulgiati, 2005; Pimentel and Patzek, 2005; Giampietro and
Mayumi, 2009; Gomiero et al., 2010).

C. Economic Performance

Comparing organic and conventional system is still not an
easy task because authors often adopt quite different method-
ologies, and different geographical areas (e.g., developed and
developing countries) have distinctive characteristics that should
be properly taken into consideration (Nemes, 2009). Although
yields in organic systems tend to be lower, input costs are usually
lower. A number of studies report no major revenue difference
for organic farming compared to conventional (e.g., Drinkwater
et al., 1998; Delate et al. 2003; Pacini et al., 2003; Mahoney
et al., 2004; Pimentel et al., 2005, for a comprehensive review
of the topic see Nemes, 2009).

According to the U.S. Department of Agriculture (USDA,
2010a; Bowman, 2010), data from the organic farming census
reveal that the 14,540 organic farms included in the census had
an estimated average net income (total sales less expenses) of
$20,249 per farm per year, a figure higher than the figure in
which all farm types were included.

This has been reported also in some broad research conducted
in developing countries. For instance, Eyhorn et al. (2007) found
that in India the average gross margins from organic cotton fields
were 30-40% higher than in conventional fields, due to 10-20%
lower total production costs and a 20% organic price premium.
Authors argue that although the crops grown in rotation with
cotton were sold without premium, organic farms achieved all
the same 10-20% higher incomes from agricultural activity.

Other studies, however, indicate that the impact of organic
price premiums is large, and sometimes needed to match con-
ventionally generated income and compensate for lower yields
(e.g., Reganold et al., 2001; Pacini et al., 2003; Chavas et al.,
2009; Nemes, 2009). Recent analysis for southern Wisconsin
(USA) by Chavas et al. (2009) shows that, under the market
scenarios that prevailed between 1993 and 2006, intensive ro-
tational grazing and organic grain and forage systems were the
most profitable systems. On, highly productive land organically
grown corn resulted more profitable than continuous corn crop-
ping. Once the premium was taken into account, organic farm-
ing resulted more profitable in all systems. Results for Low
External Input (LEI) agriculture in the United States (Liebman
et al., 2008) shows that corn and soybean yields in LEI systems
can be sustained at levels that match or exceed levels obtained
from conventional systems. Scenario analysis by Lohr and Park
(2007) indicates that economic gains will be realized as farm
size increases, creating pressure on organic farmers to expand
operations. Protecting small organic farms is likely to become a
policy issue in the near future.

T. GOMIERO ET AL.

D. Environmental Services of Organic Agriculture

Economic benefits from agriculture management cannot be
limited to yield or commodities production, or account only for
farm investment and revenue. For instance, issues such as en-
ergy efficiency and GHGs emissions, preserving water supply,
biodiversity and landscape preservation and reduction in the
use of agrochemicals are usually not assessed when conducting
farming cost-benefit analyses. Still they play a key role for the
long term sustainability of our support system and our environ-
ment, even if they have to be addressed on a broader spatial and
temporal scale (Paoletti and Pimentel, 1992; Pimentel et al.,
1997; Tilman et al., 2001, 2002; Pretty et al., 2003; FAO, 2004;
Foley et al., 2005; Millennium Ecosystem Assessment, 2005a;
2005b; Molden, 2007; Bosshard et al., 2009; Vitousek, et al.,
2009).

It should be noted that organic agriculture provides many
beneficial “by-products” both for the environment (e.g., con-
servation of soil fertility, CO, storage, fossil fuel reduction,
preserving biodiversity) and for people (e.g., eliminating the
use of agrochemicals such as synthetic fertilizers and pesti-
cides, preserving landscape). We wish to stress that preserving
or increasing soil organic matter content has to do not only with
a farm long-term sustainability (and benefit), but, and maybe
most importantly, with preserving a country’s long term food
security, guaranteeing that it can overcome and recover from
possible future climate extremes.

In this sense it is important to get a deeper understanding of
the nature of agroecosystems: they are embedded in complex
ecological networks, characterized by nonlinearity and stochas-
ticity. Theoretical and empirical research reveals that ecological
systems persist and generate ecosystem services as a result of
complex interacting components (Ehrlich and Ehrlich, 1981;
Paoletti and Pimentel, 1992; Cliff, 1997; Pimentel et al., 1997;
2006; Loreau et al., 2002; Luck et al., 2009; Vandermeer et al.,
2010). Benefits from insect services in the United States, for
instance, are valued at $57 billion per year (Losey and Vaughan,
2006). But insect do not live in a vacuum, they are constrained
by the environment-landscape characteristics. Eventually, ben-
efits provided by insects depend on how we decide to manage
the environment in which they may find their living from which
they depend on. So, in order to fully benefit from ecosystems
environmental services, we should manage our environmental
at a broader scale than that of the single farm.

At the same time, economic analysis should take full ac-
count (“internalization”) of the economic impact of conven-
tional agriculture, addressing the issue of its long term sustain-
ability (Pimentel at al., 1995, 1997; Pretty et al., 2000, 2003;
Buttel, 2003).

E. Organic Farming and Food Security

According to some authors organic agriculture can be a
promising approach to sustain food security while decreasing
the environmental impact of agriculture, especially in some
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developing countries (Pretty and Hine, 2001; Altieri, 2002;
FAO, 2002, 2008; Pretty, 2002; van Veluw, 2006; Niggli et
al., 2007, 2008; El-Hage Scialabba, 2007; Badgley et al., 2008;
El-Hage Scialabba and Miiller-Lindenlauf, 2010). In low in-
put systems, and especially in arid and semi-arid areas where
most of the food-insecure people live, organic systems are re-
ported to greatly improve yields (Pretty and Hine, 2001; Pretty,
2002). Although for perennial cropping, such as coffee or ba-
nana, significant yield reductions are reported, under appropri-
ate agroforestry system, the lower yields for the main crop are
compensated by producing other foodstuff and goods (EI-Hage
Scialabba and Miller-Lindenlauf, 2010).

Some authors (e.g., Pretty and Hine, 2001; FAO, 2002, 2008;
Halberg et al., 2006; Badgley and Perfecto, 2007; Badgley et al.,
2007; El-Hage Scialabba, 2007; Niggli et al., 2007, 2008) ar-
gue that organic agriculture could benefit developing countries
because organic practices contribute considerably to increasing
soil stability and resilience, an important factor in food sup-
ply stability, and also save water, another critical resource in
many areas. The authors claim that the productivity of organic
compared to conventional farming depends strongly on soil and
climate conditions as well as on choice of crops being compared,
and under less favorable soil conditions, organically managed
crop yields equal those from conventional agriculture. Recent
models of a hypothetical global food supply grown organically
(Badgley, et al., 2007; Halberg, et al., 2006) indicates that or-
ganic agriculture could produce enough food on a global per
capita basis for the current world population.

In their review, Badgley et al. (2007) 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 vs. nonorganic) of different food categories
for the developed and the developing world, and found that
for most food categories the average yield ratio was slightly
<1.0 for studies in the developed world and >1.0 for stud-
ies in the developing world. The authors found also that in
developed countries average yield losses under organic man-
agement ranged from 0 to 20% (Badgley et al., 2007). Pretty
and Hine (2001) surveyed 208 projects in developing tropical
countries in which contemporary organic practices were intro-
duced, and found that average yield increased by 5-10% in
irrigated crops, and by 50-100% in rain-fed crops. Data from
Pretty and Hine (2001) have been challenged by some authors
(e.g., McDonald et al., 2005; Cassman, 2007; Hudson Insti-
tute, 2007; Hendrix, 2007), who dispute the correctness of both
the accounting (they hold that, in some of the cases reported,
pesticides may have been used) and comparative methods em-
ployed. Cassman (2007) criticizes both the findings and the
approach to the problem of food security adopted by the sup-
porters of organic farming, and argues that what is needed to
produce 60% more food by 2050 to meet demand from growth in
both population and income is ecological intensification of crop
production systems rather than relying on the organic farming
approach.
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F. “Food Miles” Analysis

Most energy in the food system is post-production. Food
processing, distribution, wholesale and retail can amount to two
thirds of total energy expenditure (Pimentel and Pimentel, 2008;
Smil, 2008). It has been estimated that in the United States, on-
farm production amounts to approximately 20% of the total food
system energy, with about 40% of this amount going into mak-
ing chemical fertilizers and pesticides (Keoleian and Keoleian,
2000).

National and international trade results in increasing “food
miles” (the distance that food travels from the field to the gro-
cery store), which may lead to increasing the overall energy
consumption and CO, emissions associated with a given prod-
uct (Pimentel et al., 1973; Steinhart and Steinhart, 1974; DE-
FRA, 2005; Pretty et al., 2005; Schlich and Fleissner, 2005;
Foster et al., 2006, Pimentel and Pimentel, 2008). To avoid such
a problem, environmental groups and organic associations are
advising consumers to consume locally produced food as part
of environmentally friendly eating habits. This, however, may
limit export of organic products from developing countries to
western markets, reducing the income for poor farmers and the
adoption of sustainable farming practices.

Some authors challenge such a claim as too simplistic a view,
and make the point that agricultural products imported from far
away may cause lower environmental impact than locally pro-
duced products, for example when the latter have to be kept
stored in fridges for several months (e.qg., fruits) (Wells, 2001;
Saunders et al., 2006; Williams, 2007; El-Hage Scialabba and
Miiller-Lindenlauf, 2010). Saunders et al. (2006), for instance,
report that in the case of dairy and sheep meat production, New
Zealand is by far more energy efficient than the UK even includ-
ing transport costs, twice as efficient in the case of dairy, and
four times as efficient in case of sheep meat. Wells (2001) found
that New Zealand dairy production was on average less energy
intensive than in North America or Europe even though on-farm
primary energy input had doubled in 20 years and energy ratio
(outputs vs. inputs) had increased by 10%. Williams (2007) re-
ports that Dutch CO, emissions for rose cultivation were about
6 times larger than producing them in Kenya and delivering the
product to Europe.

VII. CONCLUSIONS

In the last century, intensive farming has successfully
achieved high crop yields. On the other hand this came with
a cost on the environmental side because of the high intensity
of energy use (agrochemical, machinery, water pumping etc)
and GHGs emissions, water consumption and the large use of
agrochemicals, which, other than being costly in energy terms,
have also detrimental effects on the health of organisms, humans
included.

When comparing the performances of organic and conven-
tional agricultural practices it has been shown that organic gener-
ally performs better or much better than conventional for a wide
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range of key indicators (Table 1). Such improved performances
have been summarised in previous reviews such as Stolze et al.
(2000), Stockdale et al. (2001); FAO (2002), Lotter et al. (2003),
Shepherd et al. (2003), Kasperczyk and Knickel (2006), Niggli
et al. (2007), Gomiero et al. (2008), as well as proven in long
term monitoring trials (e.g., Reganold et al., 1987; Matson et
al., 1997; Paoletti et al., 1998, Drinkwater et al., 1998; Méader
et al., 2002a, 2002b; Pacini et al., 2003; Pimentel et al., 2005;
Badgley et al., 2007). However, it has to be pointed out that
in some cases performance can vary according to specific crop
species and crop patterns and in relation to the environmental
context where agricultural activity is performed.

In the following section we provide some more detailed com-
ments on the performances of organic agriculture on some key
environmental issues. We will deal in particular with soil, bio-
diversity, energy and GHG emission.

Table 6 is an attempt to further develop the qualitative re-
view efforts made by Stdlze et al. (2000) and Lotter, (2003).
Assessments are only indicative and no claim is made to pro-
vide weighted qualitative values of farming performance.

As pointed out by Pacini et al. (2003), the fact that in most
cases organic farming systems perform better environmentally
than conventional or integrated farming system, does not directly
imply that they are sustainable when compared to the intrinsic
carrying capacity and resilience of a given ecosystem. Com-
parison between organic and conventional (or other) farming
systems is much needed, but to assess sustainability in the long
term, proper comparisons have to be made taking into account
the local (and global) carrying capacity of the agroecosystem.

To date, many studies prove organic farming to perform bet-
ter in improving soil quality with respect to both biophysical and
ecological properties. Organic farming prevents soil erosion, in-
creases SOM (promoting soil biodiversity and soil health) and
can reduce N leaching. Increases in SOM following the tran-
sition to organic management occur slowly. This has to be of
concern when assessing the performances of farming systems
under different management practices. Soil under organic man-
agement greatly increases their water holding capability and
under drought conditions crops in organically managed sys-
tems produce higher yields than comparable crops managed
conventionally. Adaptive measures to cope with climate change
should treasure knowledge gained from organic farming. Local
characteristics deserve attention, as agricultural practices should
not be adopted blindly, but with much concern for specific local
features. What may fit a given area may not be practicable with
the same results in another (e.g., plain vs. sloping land).

Agriculture intensification results also in a dramatic simpli-
fication of landscape composition and in a sharp decline of bio-
diversity. This affects the functioning of natural pest control, as
natural habitats provide shelter for a broad spectrum of natural
species that operate as pest-control in agriculture crops. Organic
farming tends to rely on a higher number of crops, compared
to conventional, because of the very nature of the management
system, involving rotation, cover crops, intercropping and set
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TABLE 6
Overall qualitative assessment of organic farming systems
relative to conventional farming*. (Organic farming performs:
++ much better, + better, O the same, — worse, — much
worse).

Indicator — Performance Qualitative Assessment

++ + 0 — ——
Agronomic
Productivity as yield per ha + 0 - —
Productivity as yield per hr - -
Biodiversity
Crop diversity ++ + 0
Floral diversity ++ +
Aboveground faunal diversity ++ +
(invertebrate and vertebrate)
Habitat diversity ++ + 0
Effect on pest control and ++ +
pollinators
Soil biophysical characteristics
Organic matter ++ + 0
Structure ++ + 0
Soil biology ++ + 0 -
Microbial biomass ++ +
Microbial activity ++ +
Mycorrhizae ++
Biodiversity ++ +
Effect on pest control ++ + 0
Ground and surface water
Nitrate leaching ++ + 0 -
Pesticides ++
Greenhouse emissions (including
CO3, CH4,N,0, NH3)
GHGs per ha ++ +
GHGs per ton biomass + 0 -
Farm input and output
Nutrient use +
Water use + 0
Energy use per ha ++ +
Energy use per ton biomass + 0 -
Animal welfare and health
Husbandry +
Health ++ +
Quality of product food
Pesticides residues ++ +
Nitrate + 0 -
Mycotoxins + 0 -
Heavy metals + 0 —
Antibiotics ++

(*): the list of indicators has been expanded from St6lze et al. (2000)
and Lotter (2003), and quality assessment modified according to the
data found by the present review.
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aside. A more complex crop pattern offers more chances for
“wild biodiversity” to thrive.

According to the studies reviewed, organic farming pro-
vides greater potential for biodiversity than its conventional
counterpart, as a result of greater habitat variability and more
wildlife-friendly management practices, and, to a lesser extent,
due to the exclusion of pesticides. This greater potential is more
readily observed primarily for wild plants, but also for their
hosts. Indeed, an increasing body of evidence indicates that
landscape heterogeneity is a key factor in promoting biodiver-
sity in the agricultural landscape.

The effect of organic agriculture on promoting biodiversity
may also vary according to the specific taxa and the surround-
ing conditions where a farm operates. Research indicates the
need for long term, system-level studies of the biodiversity re-
sponse to organic farming. It is noted that such benefits may
be achieved also by conventional agriculture when carefully
managed.

Promoting heterogeneity widely across agricultural systems
should be a universal management objective. Large areas con-
verted to organic management may generate positive feedbacks
on biodiversity because of scale effect (the larger the areas
the greater the benefits), suggesting that measures to preserve
and enhance biodiversity in agroecosystems should be both
landscape- and farm-specific.

Energy efficiency and GHG emission reduction are certainly
important indicators of farming system performances. Organic
farming has been shown to providing a better of energy in-
put/output ratio. The main reasons for higher efficiency are lack
of input of synthetic agrochemical (e.g., fertilizers, pesticides)
and lower use of highly energy-consumptive foodstuffs (con-
centrates). However, due to the general lower yield of crops
under organic farming, when calculating energy input in terms
of unit of physical output, the advantage to organic systems
was generally not as significant. Organic agriculture may rep-
resent a means for reducing GHG emission, both because of
its lower energy consumption and of its soil management prac-
tices that help to reduce GHG emission and absorb carbon in
soil. Conversion to organic agriculture, however, only repre-
sents a temporary solution to the problem of carbon abate-
ment because the possibility to stock carbon in the soil has
limits. Long-term solutions concerning CO, and GHG emis-
sion abatement should rely on a more general change of our
development path, for instance in containing energy consump-
tion in general. Other beneficial “by-products” provided by or-
ganic farming both for the environment (e.g., reducing pollu-
tion, fostering biodiversity) and for human health (e.g., expo-
sure to harmful chemicals), also should be properly accounted
for.

Carrying out extensive long-term trials for diverse crops in
diverse areas would be of fundamental importance in order to
understand the potential of organic farming as well as to improve
farming techniques in general. Investing in organic farming re-
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search will help to gain knowledge and experience about best
practices for agroecosystem management.

According to Niggli et al. (2008), there are three strategic
research priorities for agricultural and food research:

e Viable concepts for the empowerment of rural
economies in a regional and global context

e Securing food and ecosystems by means of eco-
functional agricultural intensification

» High quality foods—a basis for healthy diets and a key
for improving our quality of life and health.

Researching organic food and farming systems can contribute
greatly towards the overall sustainability of agriculture and food
production by providing a holistic analysis of system factor
interactions and trade-offs in order to meet new challenges.

We would like to conclude by reminding each of us that
we all depend inescapably on agriculture for our life. We feel
that maybe there has been too much focus on agriculture as
a mere economic activity, forgetting that, differently from all
other economic activities, this is the only one that we cannot
afford to dismiss or allow ourselves to lose.
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This paper reviews and discusses how studies on (i) on-farm
diversity assessment, (ii) access to diversity and information, (iii)
extent of use of available materials and information, and (iv) ben-
efits obtained by the farmer or farming community from their
use of local crop diversity, are necessary to identify the different
ways of supporting farmersand farming communitiesin themain-
tenance of traditional varieties and crop genetic diversity within
their production systems. Throughout this paper two key themes
are emphasized. First, any description or analysis within the four
main areas (assessment, access, use and benefit) can, and most
probably will, lead to a number of different actions. Second, the
decision to implement a particular action, and therefore its suc-
cess, will depend on farmers and the farming community having
theknowledge and leader ship capacity to evaluate the benefitsthat
this action will have for them. This in turn emphasizes the im-
portance of activities (whether by local, national and international
organizations and agencies) of strengthening local institutions so
as to enable farmers to take a greater role in the management of
their resources.

Keywords adaptability, agroecosystem resilience, collective action,
biodiversity, community management, farmer selection,
genetic diversity, incentives, local institutions, participa-
tory breeding, seed systems

I. INTRODUCTION

The last two decades have provided substantial evidence that
significant crop genetic diversity continues to be maintained in
farmers’ fields in the form of traditional varieties (Bellon et
al., 1997; Brush, 1995; 2004; Jarvis et al., 2004, 2008; Bezan-
con et al., 2009; Kebebew et al., 2001; Guzman et al., 2005;
Bisht et al., 2007; FAO, 2010). This diversity constitutes an im-
portant element for the livelihood strategies of these farmers.
Traditional crop varieties are used because of their adaptation
to marginal or specific agricultural ecosystems (Barry et al.,
2007), heterogeneous environments (Bisht et al., 2007), rain-
fall variability, variable soil types (Bellon and Taylor, 1993;
Duc et al., 2010) and as insurance against environmental risk
(Sawadogo, 2005; Bhandari, 2009), to meet changing market
demands (Smale, 2006; Vandermeer, 1995; Brush and Meng,
1998; Gauchan and Smale, 2007), for pest and disease man-
agement (Thurston et al., 1999; Zhu et al., 2000; Trutmann et
al., 1996; Finckh et al. 2003; Jarvis et al., 2007a), because of
post harvest characteristics (Tsehaye et al., 2006; Teshome et
al., 1999, Latournerie-Moreno et al., 2006), distance to mar-
ket, adult labor availablity and other social and economic char-
acteristics of the household (Gauchan et al., 2005; Fu et al.,
2006; Benin et al., 2006; Van Dusen, 2006; Bela et al., 2006),
and cultural and religious needs (Rana et al., 2008; Nabban,
1989; Tuxill et al., 2009). They may be kept for their dietary
or nutritional value (Johns and Sthapit, 2004; Belanger et al.,
2008), taste (Sthapit et al., 2008a) or for the price premiums
they attract because of high-quality traditional properties, which
compensate for lower yields (Smale et al., 2004). A diversity
of traditional varieties within the production system can en-
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able the farmers’ crop populations to better adapt and evolve
to changing environmental and economic selection pressures,
through increasing the farmers’ option value (Evenson et al.,
1998; Gollin and Evenson, 1998; Smale et al., 2004; Smale,
2006; Swanson, 1998; Brush, 2004; Kontoleon et al., 2007;
Pascual and Perrings, 2007; Aguilar-Stgen et al., 2009), and by
widening the genetic base of the crop population (Scarcelli et
al., 2006; Barnaud et al., 2008; Sagnard et al., 2008; Carpenter
et al., 2006; Elmqvist et al., 2003; Jackson et al., 2007; 2010;
Bezancgon, et al., 2009). The utility of crop varietal diversity
within the production system also lies in its potential to provide
ecosystem services (Hajjar et al., 2008; Ceroni et al., 2007;
IAASTD, 2009), such as the regulation and control of pest and
diseases (Finckh and Wolfe, 2006; Abate et al., 2000; Garret and
Mundt, 1999; Zhu et al., 2000; Strange and Schott, 2005), sus-
tain pollinator diversity (Richards, 2001; Kremen et al., 2002),
and support below-ground biodiversity and soil health (Swift
et al., 2004; Brown et al., 2007). This can in turn reduce the
financial and health risks of high levels of agricultural inputs,
such as fertilizer and pesticides to small-scale farmers and the
environment (Tilman et al., 2001; Mosely et al., 2010). This
diversity maintained both by farmers in situ and by genebanks
ex situ, continues to be fundamental in trying to achieve global
food security (Frankel et al., 1995; Gollin and Smale, 1999;
Gepts, 2006; Jarvis et al., 2007b).

The continuing maintenance of traditional varieties is largely
undertaken by poor, small-scale farmers, and is often associated
with poverty (Keleman et al., 2009; Kontoleon et al., 2009;
IAASTD, 2009). In these areas, diversity of traditional crop va-
rieties is one of the few options that farmers have to meet their
livelihood needs (Sawadogo et al., 2005). As long as farmers
themselves find it in their best interest to grow genetically di-
verse traditional varieties of crops, both famers and society as a
whole will benefit at no extra cost to either party (Smale et al.,
2001; Dusen et al., 2007). In areas where genetic diversity is sig-
nificant, but farmers have few market or non-market incentives
to maintain it, different public activities will be necessary to
help support the conservation of this valuable resource (Smale,
2006; Bellon, 2004).

Although it was widely assumed for many years during the
1970s and 1980s that traditional varieties would be rapidly and
completely replaced by modern varieties (Frankel and Soule,
1981), this has not been the case in many production systems.
Traditional crop varieties still meet the needs of the farmers and
communities where they occur. Indeed, recent studies suggest
that one of the responses of poor rural communities to climate
change is to increase the use of traditional materials in their pro-
duction systems (Bezancon et al., 2009; Platform for Agrobio-
diversity Research, 2010). Their continued maintenance in situ
also meets a wider social need for evolving and adapted mate-
rials to meet changing production needs and challenges. Given
the continuing importance to the farmers who grow them, there
are good reasons to embed the continued use of traditional vari-
eties into development and improvement strategies designed to
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improve the well-being of some of the world’s poorest commu-
nities. A part of this will involve the implementation of appropri-
ate different public activities that can support their maintenance
and use.

Over the last few decades, a range of actions or practices
has become available to help farmers and farming communities
continue to benefit from the maintenance and use of local crop
genetic diversity in their production systems (Friis-Hansen and
Sthapit, 2000; CIP/UPWARD, 2003; Sthapit et al., 2006a; Jarvis
and Hodgkin, 2008; Lipper et al., 2010; Kontoleon et al., 2009)
(Table 1).

Most actions are small in scale and site and crop specific,
resulting from a local evaluation of farmers’ constraints to their
current use of local crop genetic resources. Along with the ad-
vancement of these actions has been the development of tools
and methods to work out which action would be most relevant
for a specific situation. There has also been an emphasis on the
need to understand the different situations and circumstances
of different communities with respect to different crops before
deciding on an approach to use.

Although the actions that can support the maintenance and
use of traditional varieties are often apparently site, culture or
crop specific and varied, we suggest that an overall framework
can be usefully created to help conservation and development
workers and communities discern which action will most likely
be the most relevant in different situations. This framework, a
kind of heuristic device, is based on categorizing into four main
groups the issues or constraints that farmers face, which may
decrease their ability to benefit from the conservation and use
of crop genetic resources within their agricultural production
systems: (1) the lack of sufficient diversity of traditional crop
varieties within the production system; (2) the lack of access by
farmers to available diversity, (3) the limitations in information
on and the performance of varieties available in key aspects,
and, (4) the inability of farmers and communities to realize
the true value of the materials they manage and use. Figure
1 contains a descriptive diagram of the relations within this
heuristic device and connects the outcome of analyses of the
different types of information to an array of potential actions
(Table 1).

Based on a review of literature, this paper discusses how stud-
ies on (i) on-farm diversity assessment, (ii) access to diversity
and information, (iii) extent of the use of available materials
and information, and (iv) benefits obtained by the farmer or
farming community from their use of local crop diversity, are
necessary to identify the different ways to support farmers and
farming communities in the maintenance of crop genetic diver-
sity within their production systems. Throughout this paper two
key themes are emphasized. First, any description or analysis
within the four main groups can, and most probably will, lead to
anumber of different actions. Second, the decision to implement
a particular action, and therefore its success, will depend on the
farmer and the farming community having the knowledge, in-
stitutions and leadership capacity to evaluate the benefits that
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this action will have for them. This in turn promotes an em-
phasis on the importance of strengthening local institutions to
enable farmers to take a greater role in the management of their
resources.

1. ON-FARM DIVERSITY ASSESSMENT

The assessment of diversity provides the necessary descrip-
tion of the extent and distribution of genetic diversity of tradi-
tional varieties, and of the way in which that diversity is parti-
tioned within and among varieties at household and community
levels. It allows exploration of the relation of the observed di-
versity to factors such as ecology, gender or poverty. Descrip-
tion in terms of variety names and the traits farmers use to
describe their varieties is important for understanding how well
their materials are adapted to the farmers’ environments and
preferences, as well as the farmers’ perspectives of diversity
distribution. Genetics, particularly molecular genetics, provides
further information on patterns of diversity distribution and al-
lows the investigation of the relation of observed diversity with
environmental, social and cultural factors, providing a means to
reconcile classification schemes using farmers’ varietal names
with genetic distinctiveness. It also helps determine whether
there is a wide enough genetic base for future improvement of
the in situ materials, or whether there is sufficient diversity to
provide system resilience (Figure 1: 1a, 1b).

A. Understanding Farmers’ Diversity Units and
Estimating the Diversity of Traditional Varieties

Diversity within the agricultural production system can be
assessed at different levels: within and among households, vil-
lages, communities and countries. Many studies are now avail-
able which describe the amount and distribution of genetic di-
versity of individual crops in farmers’ fields, at different scales,
using a wide range of methods. These studies range from count-
ing the names of varieties to biochemical and molecular studies
which assess allelic richness and heterozygosity (Berg, 2009;
Brown, 2000). Some studies have developed and used indices
of diversity or other methods to compare the amount and dis-
tribution of diversity within the farmers’ production system
across sites and crops. Not all production systems have the same
amounts of diversity or the same reliance on traditional cultivars
(Bajracharya et al., 2006; Eyzaguirre and Linares, 2004; Gau-
tam et al., 2008). The diversity found within one community
may or may not be representative of a much wider geographical
area (Chavez et al., 2000; Guzman et al., 2005).

Many studies have reported the numbers of farmer-named
varieties at household and community levels for major crops,
including corn (Bellon and Taylor, 1993; Bellon and Brush,
1994; Louette et al., 1997), common bean (Martin and Adams,
1987; Voss, 1992), potatoes (Quiros et al., 1990; Brush et al.,
1995; Zimmerer, 2003), sorghum (Tesema et al., 1997) and
cassava (Boster, 1985; Salick et al., 1997; Kizito et al., 2007),
barley (Kebebew et al., 2001; Gupta et al., 2003; Banya et al.,
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FIG. 1.
production systems.

2003; Tanto et al., 2009), apricot (Baymetov et al., 2009), wal-
nut (Butkov and Turdieva, 2009; Djumabaeva, 2009), apple and
pear (Djavakyants, 2010), and grape (Djavakyants, 2009; Tur-
gunbaev, 2009). While the numbers of varieties provides a useful
first approximation of the extent and distribution of diversity,
there has been discussion both of the extent to which variety
names adequately reflect agro-morphological, biochemical or
molecular diversity, and of whether variety names are used con-
sistently by farmers at different geographic scales.

Sadiki et al. (2007) reviewed studies which correlated names
of varieties to the agromorphological descriptors used by farm-
ers. He and his colleagues compiled information globally for dif-
ferent communities, which suggested that variety names, when
complemented by farmer descriptions, could be used as a ba-
sis for arriving at estimates of traditional variety numbers, and
provide a useful estimate of the amount of genetic diversity
within the farmers’ production systems. As shown by Jarvis et
al. (2008), variety names can also be used to provide a valuable

D. LJARVIS ET AL.

Heuristic framework for identifying constraints and related actions to support the conservation and use of traditional crop varieties within agricultural

global estimate of diversity, focusing attention on the role of
farmers themselves in the maintenance of crop diversity in pro-
duction systems.

Variety names also provide information on the nature, sta-
tus and management of varieties. Nuijten et al. (2008) found
that three types of names could be distinguished for rice in
the Gambia; those referring to common old varieties, common
new varieties, and uncommon varieties, thus showing that vari-
ety names supply information on the period of time the variety
was used in a village and on the flow of varieties between and
within villages. The farmers’” or community beliefs that a named
recognizable population has particular properties and identity is
likely to lead to management practices that tend to reinforce sep-
arate identities. This creates a powerful selection practice able
to maintain the preferred traits in specific populations (Brown
and Brubaker, 2002).

Methods to analyze diversity information when farmers use
the same name for different varieties or different names for the
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same varieties, have been discussed by Chavez-Servia et al.
(2000), Arias et al. (2000), and Tuxill et al. (2009) for maize
and beans in Mexico, by Sawadogo et al. (2005) for sorghum
in Burkina Faso, by Karamura and Mgnezi (2004) and Gold
(2002) for banana, and by Bajracharya et al. (2006) and Bisht
et al. (2007) for rice. Gender has been shown to play a role in
the number of descriptors used (Rijal, 2007), and the type of
characteristics described (Karamura et al., 2004). The work has
also shown the importance of using information from farmers on
the traits they use for distinguishing their traditional varieties,
to define consistent units of farmer managed diversity (Sadiki
and Jarvis, 2005).

A range of studies is now available which have tried to quan-
tify the amount of diversity within farmers’ fields by comparing
the descriptions given by farmers to distinuguish their varieties
according to agromorphological field data: in faba bean (Sadiki
et al., 2001; 2002), barley (Tsehaye et al., 2006; Tanto et al.,
2009), maize (Mar and Holly, 2000; Arias, 2004; Burgos-May
et al., 2004; Latournerie-Moreno et al., 2006) and taro (Rijal,
2007; Canh et al., 2003; Hue et al., 2003). Other studies have
examined the diversity of adaptive and ecophysiological traits
within the production system (Teshome et al., 2001; Weltzien et
al., 2006; Thinlay et al., 2000; Hue et al., 2006). The diversity
of quality and nutritional traits (Duch-Gary, 2004; Cazarez-
Sanchez, 2004) has also been described, as has the relationship
of levels of crop genetic diversity to geographical regions (Tagh-
outi and Saidi, 2002; Bouzeggaren et al., 2002; Teshome et al.,
2001).

Brown and Hodgkin (2007) reviewed some of the molecu-
lar methods available to assess the extent and distribution of
diversity, including single nucleotide polymorphisms (SNPs),
phylogentic analysis (Clegg, 1997; Brown and Brubaker, 2000)
and functional genomics (Aharoni and Vorst, 2001; Pea-
cock and Chaudhar, 2002). Kumar and colleagues (2009) re-
viewed the potential advantages and disadvantages of differ-
ent molecular markers in assessing genetic diversity, while
Witcombe et al. (2008) reviewed the use of traditional and
new genomic technologies for breeding for tolerance to abi-
otic stress of low nitrogen, drought, salinity and aluminum
toxicity. Laurentin (2009) recently synthesized data analy-
sis methods for molecular characterization of plant genetic
resources.

Various studies have tried to compare the descriptions sup-
plied by farmers to distinguish their crop varieties by means
of agromorphological, biochemical and molecular descriptors,
so as to provide an overall diversity assessment in traditional
varieties. In some cases, genetic data have substantially con-
firmed information that the number of traditional varieties dis-
tinguished by their names is a good representation of diversity
within a production system. In other cases, names were not cor-
related with diversity patterns of either agromorphological or
molecular descriptors, but with the sets of traits farmers used
to describe different units (Sadiki et al., 2007; Baymetov et al.,
2009).
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Sagnard et al. (2008) showed a low correlation between the
diversity of farmer names and the genetic diversity assessed by
microsatellites for sorghum in West Africa. The relationship be-
tween molecular markers, variety names and agromorphological
traits, has also been reported to be poor or complex in sorghum
traditional varieties from Mali (Chakauya et al., 2006), cas-
sava in Uganda (Kizito et al., 2007), and sorghum in Zimbabwe
(Mujaju et al., 2003; Mujaju and Chakauya, 2008). Busson et al.
(2000) found that farmer management of the outcrosser—pearl
millet-resulted in more differences with respect to microsatellite
marker variation among farmers, than among same named vari-
eties grown by different farmers; thus, the traits used by farmers
to distinguish the different named varieties did not give genetic
identity at the molecular level. Pressoir and Berthaud (2004)
found that high variation in flowering time among populations
of maize in Mexico suggested that these agromorphological
traits would be different from those described with molecular
markers. In Jumla, Nepal (a high altitude site), over 20 tradi-
tional rice varieties were identified by farmers using grain color.
These 20 varieties were found to differ with respect to a small
number of key morphological traits, and by using SSR analysis
had only limited molecular genetic diversity (Bajracharya et al.,
2001; 2006). In contrast, in the low lands and middle hill sites
of Nepal, the richness of farmer named rice diversity agreed
with the diversity measured by SSR markers (Bajracharaya et
al., 2010).

Most of the molecular studies were undertaken using what
are believed to be neutral markers on a rather small scale and,
particularly for cross-pollinated crops, it is perhaps not surpris-
ing that it is difficult to find a good correlation between vari-
ety names, or agromorphological traits, and molecular markers.
There is a need to collect much more complete data sets using a
much wider range of markers.

An understanding of the extent and distribution of diversity
using both farmer-determined categories and a range of genetic
markers, underpins the identification of ways of supporting the
maintenance of traditional varieties. Community biodiversity
registers (Subedi et al., 2005) (Table 1) enable farmers to main-
tain information on diversity within their community and to
provide the information needed to address bio-piracy concerns.
Information on the extent and distribution of diversity also pro-
vides the information needed to assess whether there is enough
diversity within the system for selection, or whether the system
will be able to adapt to environmental and economic change
(Figure 1: 1a, 1b).

Information on consistency with respect to names is also
essential when reintroduction of materials is envisaged and var-
ious approaches have been tested to support this process, in
Ethiopia and elsewhere (Worede, 1997; Worede et al., 2000;
Feyissa, 2000; 2006; De, 2000) (Table 1). Ecuador won the
2008 Ecuador Initiative award for the return of 10,000 plants
of 15 traditional crop varieties (roots, tubers, grains, and fruit)
to local communities (UNORCAC, 2008). In Burkina Faso, a
series of local genebanks are being established in high-priority
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conservation areas. These gene banks are part of the National
Plant Genetic resources system and will both emphasize con-
servation of local varieties and be a source of local seeds that
can be deployed in the event of natural disasters such as extreme
drought (Balma, et al., 2004; Bragdon et al., 2009).

B. Patterns of Diversity Within and Among Households,
Communities and Landscapes

The analysis of patterns of diversity and the distribution of
diversity over greater or lesser areas has provided information
on the importance of biological, ecological, environmental, and
social characteristics, which can usefully guide the develop-
ment of supporting management practices for traditional vari-
eties (Brown, 2000). Measurements of richness, evenness and
divergence, often used in ecological studies, have more recently
been applied to the partitioning of traditional varieties within
and among communities on-farm (Jarvis et al., 2008). Richness
is the number of different kinds of individuals regardless of
their frequencies; evenness describes how similar the frequen-
cies of the different variants are, with low evenness indicating
dominance by one or a few types (Frankel et al., 1995; Magur-
ran, 2003). Divergence is a measurement of the proportion of
community evenness displayed among farmers. A recent evalu-
ation of Jost (2010) discusses evenness related to the maximum
and minimum possible for a given richness, by decomposing
richness into independent diversity and evenness components.

Measurements of richness, evenness, and divergence were
used to bring together varietal data of 27 crop species over
five continents, collected by partners from over 50 government
and non-government institutes, to determine overall trends in
crop varietal diversity on-farm (Jarvis et al., 2008). As well as
showing that considerable crop genetic diversity continues to
be maintained on-farm, in the form of traditional crop varieties,
this synthesis provides a baseline for estimating future genetic
erosion on-farm, and information on the relationship between
richness and evenness for traditional varieties maintained at
farm and community levels. The results showed that as farmers
increase the number of traditional varieties they grow, they often
plant relatively even areas for each of the different varieties.

The mode of reproduction (whether inbreeding, outbreeding
or vegetatively propagated) of a species is an important fac-
tor in understanding the patterns of genetic diversity observed
in traditional varieties. The breeding and reproductive systems
of crop species affect the farmer’s perception of diversity and
his or her management practice. Clonal and inbred species are
more strongly differentiated genetically and can be more eas-
ily separated into identified types or varieties. In a number of
cases, fields of clonal or inbred crops are planted to a mix-
ture of traditional varieties, which can later be separated at
harvest (Brown, 2000; Jarvis et al., 2000). In contrast, for out-
crossed species such as maize, a traditional variety appears to be
a more polymorphic entity in which any particular genotype is
ephemeral (Louette et al., 1997; Teshome et al., 2001). Hamrick
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and Godt (1997) summarized the effect of breeding systems on
partitioning variation within and among crop populations, with
self-pollinating crops showing twice as much population dif-
ferentiation as outcrossers. Clearly, breeding systems and crop
biology are important in identifying supportive management
options. Communities and farmers are usually both aware of
this and have embedded a variety of procedures for crops with
different characteristics (Jarvis et al., 2004).

It is widely expected that patterns of diversity will reflect
differences in climate, altitude and other agro-ecological fac-
tors. In fact, the amount of variation that can be attributed to
agro-ecological factors has often been found to be relatively
small by comparison with that found within populations, al-
though clustering of varieties with similar agromorphological
characteristics has been described (e.g., sorghum in Zimbabwe,
Mujaju and Chakauya, 2008). Thus, in rice in Nepal, genetic
variation was mostly due to intra-population diversity (within
a farmer-named variety) and was independent of agroclimatic
zones, variety names, and altitude (Bajracharya et al., 2006). In
contrast, phenotypic traits in Ethiopian barley arid sorghum were
strongly related to altitudinal range (Demissie and Bjernstad,
2004; Teshome et al., 2001). Microsatellite diversity of tradi-
tional sorghum varieties across Mali, Burkina Faso and Niger,
has shown that sorghum exhibited more genetic diversity in
terms of allelic richness in Niger than in Mali, despite a lower
agroclimatic range in Niger, suggesting that anthropogenic man-
agement practices, together with agro-ecological factors, form
the structure of sorghum genetic diversity in this region (Sagnard
et al., 2008). On balance, the evidence suggests that when intro-
duction of new diversity is planned, it is better to use materials
that come from similar agro-ecological zones.

The area in which individual varieties occur varies substan-
tially and while some are maintained very locally, others may be
part of extremely extensive seed systems extending over more
than one region or country (Louette et al., 1997; Zimmerer,
2003; Valdivia, 2005). The agromorphological diversity of 15
traditional maize varieties from a single site, Yaxcaba in the
Yucatan State, was comparable with that of 314 maize varieties
from all three States of the Yucatan Peninsula (Chavez-Servia et
al., 2000; Camacho-Villa and Chavez-Servia). Similary, in Mo-
rocco, Belgadi (2003) showed that a major portion of agromor-
phological variation diversity for the Moroccan faba bean was
captured in populations from the two northern provinces, and
Barry et al. (2007) reported that in Guinea each of the villages
studied had more than half of the regional allelic diversity of
African rice, with genetic differentiation among varieties from
the same village accounting for 70% or the regional variation.
These studies have helped identify areas where local diversity is
representative of a much wider area for a given crop and could
be used to reintroduce diversity into a larger area.

At a more local level, the “four cell” analysis has proved
to be a useful method of exploring the distribution of vari-
eties in Nepal, Vietnam, Brazil, Ethiopia, Mali, India, Indonesia
and Malaysia (Sthapit et al., 2006b; reviewed in Sadiki et al.,



IDENTIFYING WAYS OF SUPPORTING CONSERVATION

2007) (Table 1). This approach brings together farmers and re-
searchers to categorize varieties according to whether they are
grown by many or few households, and whether they cover
small or large areas of the community (Rana et al., 2007; Hue
et al., 2003). Grum et al. (2003) used this method to give op-
portunities to farmers in Sub-Saharan Africa to discuss their
perceptions on whether they considered varieties rare or com-
mon, or widespread or local for rice, yam, sorghum, millet, and
cowpea. The tool can be used too for farmers to collect informa-
tion for self-directed action at community level (Sthapit et al.,
2008b).

C. Ensuring the Existence of Sufficient Quantities
of Materials

Estimating the extent and distribution of diversity provides
the information needed to determine whether there is sufficient
diversity of a crop within a production system to meet the various
needs of farming communities (Figure 1: 1). This is not always
the case, as illustrated by Smale et al. (2009) who describe the
shortage of well-adapted millet and sorghum seed in the Sahel.
They found that local markets were important sources of seed
in riskier, more isolated villages, indicating a need to legitimize
local seed markets and, perhaps, to separate them from grain
markets, through product information including marking with
geographic origin. Such studies also provide information that
can guide support for local seed systems, the introduction or
reintroduction of traditional varieties and conservation actions.

A number of projects and studies have explored the ways in
which varieties are best introduced when it is believed that farm-
ers do not have the desired diversity. However, the majority of
such programs had the aim of facilitating dissemination of new
varieties (Rohrback et al., 2002; Tripp et al., 2001; Scheidegger
etal., 2000; Bentlay et al., 2001) and took little or no account of
existing traditional varieties and traditional seed systems (Tripp,
2006).

While the decision to add new diversity into the farmers’
production systems, or to rehabilitate an area with lost diversity,
rests ultimately with the farmers, the provision of traditional va-
rieties is associated with a number of difficulties, in addition to
those associated with establishing the identity and the range of
the desired materials mentioned above. Kouressy et al. (2008)
have argued that population sizes of varieties should be large
enough to allow adaptation. Kouressy et al. (2008) have shown
that large enough population sizes of traditional sorghum vari-
eties allowed farmers in Mali to shift to short cycle varieties in
adaptation to changing environmental conditions. However, few
gene banks are equipped to provide sufficient seeds for direct
sowing by farmers or to provide population sizes sufficient for
adaptation to changing environmental conditions and manage-
ment practices (Iriarate et al., 2000). Further, most genebanks
are not easily accessible to farmers and communities. In the
absence of a gene-bank, the Western Terai Landscape Project
(WTLCP), in Western Terai, Nepal, used a systematic, participa-
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tory, seed exchange meeting to exchange seeds of local varieties
of traditional crops and vegetables that are neglected by com-
mercial seed retailers and extension system (Shrestha, 2009).

One approach that appears to be successful has involved the
development of community seed banks and community gene
banks (FAO, 2006a). This has occurred in several countries, in-
cluding Ethiopia, Nepal, India, Bangladesh and the Philippines
(Bertuso et al., 2000; Ramprasad, 2007; Poudel and Johnsen,
2009; Swamanathan 2001; De Boef et al., 2010) (Table 1). These
banks are usually established in collaboration with local orga-
nizations and national or regional genebanks, and sometimes
universities, to conserve and distribute local varieties through a
farmer-led on-farm conservation approach. The selection of the
materials to be multiplied relies on an assessment of the local
diversity and on ensuring that the diversity of the population
of the different traditional varieties is adequately covered. De-
ciding which varieties to target may be based on whether they
are rare versus common, on particular traits for particular soil
types or on market opportunities. Empowerment of local com-
munities and their institutions is a precondition to implementing
such community-based activities (Cromwell and Almekinders,
2000; Bartlett, 2008). The varieties can be used also to target
the niche markets discussed in Section 5 below. The analysis of
diversity also provides conservation guidance. Measurements of
richness and evenness indicate which varieties are more likely
to be lost and how much of the landscape they represent; they
guide decisions on the maintenance of representative samples
in community seed banks, or in national and international gene
banks, or on whether to develop incentive mechanisms to pro-
mote endangered varieties.

.  ACCESS TO DIVERSITY

Access to crop seed or planting material diversity requries
people having adequate land (natural capital), income (financial
capital) or connections (social capital) to purchase or barter for
the varieties they need (Sperling et al., 2008). Used in this sense,
“seed” includes other planting materials such as tubers, cuttings
or bulbs. Farmers may not have the desired access they need
because they lack the resources necessary to acquire planting
materials. They may lack funds to purchase or exchange the
preferred planting material from within their communities (Fig-
ure 1: 2a.1). Appropriate seeds may not be available within the
village, and the farmers may lack the resources to go to where
seeds are being sold or exchanged (Figure 1: 2a.2). Planting
materials for traditional varieties may also not be accessible
due to social constraints. There may be pressure from both
formal extension services and community peers against obtain-
ing and using planting materials of local varieties (Figure 1:
2b.1). In addition, a farmer may lack the correct social ties
or social status to obtain varieties (Figure 1: 2b.2). Seed qual-
ity and seed management practices can also be an issue and
are discussed in Section 4, as can seed regulations (Figure 1:
1d). The availability of materials and the ways in which farmers
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access and manage seeds are expected to affect genetic diversity
both within and among traditional varieties and, over time, may
lead to changes in patterns of diversity (Hodgkin et al., 2007;
Figure 1: 2¢).

A. Seed Sources, Scale, and Patterns

The seed system is composed of individuals, networks, in-
stitutions and organizations involved in the development, mul-
tiplication, processing, storage, distribution and marketing of
seeds (Maredia and Howard, 1998; Locha and Boyceb, 2003;
Dominguez and Jones, 2005). Seed flows influence the pattern
and dynamics of material that move in and out of the farmers’
systems, and analysis of these flows give an insight into the con-
straints farmers face in acquiring preferred and quality planting
material at the time it is needed for planting (Brocke vom et al.,
2003).

Although there is no one systematic way in which farmers
acquire and manage seeds, many, if not most rural farming com-
munities in developing countries continue to use traditional or
informal sources to meet most of their seed needs (Almekinders
et al., 1994; Gaifani, 1992; Hardon and de Boef, 1993; Tripp,
2001; Cromwell et al., 1993; Tahiri, 2005; Muthoni and Nya-
mongo, 2008; Thijssen et al., 2008). The seed a farmer plants
may have been selected from his or her own crop in the preceding
season, exchanged or purchased from other farmers or institu-
tions, or be a mixture of seeds from a combination of sources
(Jarvis et al., 2000; Bellon and Risopoulos, 2001; Sperling and
Mcguire, 2010; Badstue et al., 2002: Asfaw et al., 2007). Recent
studies have quantified the amounts of farmers’ own saved seeds
versus seeds obtained from friends, relatives, neighbors, or lo-
cal markets, and have confirmed that farmers prefer to save their
own seeds in most situations (Gildemacher et al., 2009; Rana
et al., 2008; Hodgkin et al., 2007; Lipper et al., 2010). These
studies have described a range of techniques and opportunities
that farmers use under different circumstances to access and
save seeds (Cromwell and Almekinders, 2000). The different
practices used are expected, over a period of years, to produce
a dynamics of movement and mixing in which the progenies of
individual populations are transferred among farmers, become
mixed during exchange or marketing, become sources for new
exchanges, or are lost.

Farmers’ demands for off-farm seeds often result from an
emergency, which may be personal (poor health, individual pro-
duction failure) or more general (floods, drought, war), and
affect the whole community or region. Reasons identified for
accessing new seed stocks include low yields, consumption or
sale of seed stocks, poor seed quality, the desire to access new
varieties, and changes in national policy that affect subsidies
and grain imports (Tripp, 2000; Mosely et al., 2010). There
have been a number of studies on the ability of informal seed
systems to meet users’ needs during emergencies and disas-
ters, such as floods, drought, or war (Almekinders et al., 1994,
Richards and Ruivenkamp, 1997; Sperling, 2001; Asfaw et al.,
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2007). In a number of cases, informal markets were found to be
critical to restocking traditional variety seed resources, both in
normal and stress periods (Sperling and Mcguire, 2010). Diver-
sity fairs, diversity-kits, micro-credit schemes, and community
seed banks are also interventions which can increase access (e.g.
Mazhar, 2000; Sthapit et al., 2006a, c, d; UNORCAC, 2008)
(Table 1).

Seeds may be acquired via cash transactions, barter, as gifts,
by exchanging one variety of seed for another, as a loan to be
repaid upon harvest, or even by surreptitious expropriation from
another farmer’s field (Badstue et al., 2002; Mbabwine et al.,
2008). Seeds of varieties developed by the formal sector are of-
ten maintained and distributed informally (Mellas, 2000; Bellon
and Risopoulos, 2001), largely independently of government in-
stitutions. In some societies, there is a significant dependence
on farmer-to-farmer seed transactions for traditional varieties
(Hodgkin et al., 2007) as these sources are regarded as more
trustworthy than alternatives such as local markets (Latourniere-
Moreno et al., 2006). In South Asia, community seed banks are
becoming an increasingly important intervention which also
preserves local varieties and provides a source of local material
for seed multiplication (Mazhar, 2000; Satheesh, 2000).

Various approaches are being used by non-government and
government research, education and development agencies at lo-
cal and national levels to support seed acquisition and increased
numbers of transactions within and among communities, includ-
ing community seed banks and seed diversity fairs (Tapia and
De la Torre, 1998; Guerette et al., 2004; Shrestha et al., 2006;
UNORCAC, 2008; De Boef et al., 2010) (Table 1). During a
diversity fair, farmers from different communities are brought
together to exhibit a range of landraces: this allows farmers to
locate rare and unique diversity and provides an opportunity to
exchange seeds and associated knowledge. Participatory seed
dissemination (Rios, 2009) integrates seed diversity fairs and
farmers’ seed experimentation and dissemination. Seeds from
diversity fairs are tested in the farmers’ production systems to
be further multiplied and diffused to other farmers. ldentify-
ing whether there are farmers who are known for reliably and
regularly producing a good crop which provides seeds of high
quality can be important for developing local practices that help
maintain traditional varieties.

Analysis of patterns of seed transfer and exchange of tra-
ditional varieties provides important information for mainte-
nance of traditional varieties helping to assess, for example,
the effective population size, extent of mixing, degree of gene
flow, and existence of defined subpopulations (Hodgkin et al.,
2007). Studies among diverging subpopulations in model sys-
tems have shown that an uneven migration rate reduces the
effective population size of the system, particularly when the
seed of one farm is replaced (Maruyama and Kimura, 1980;
Wang and Caballero, 1999; Whitlock, 2003). Heerwaarden and
colleagues (2010) have used empirical data from maize in tradi-
tional agricultural systems in Mexico to demonstrate that seed
dynamics in human-managed environments differ from existing
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mega-population models of natural ecosystems. In particular,
the assumptions of most meta-population models (Kimura and
Weiss, 1964; Slatkin, 1991, Wang, 1997) as to the absence of
population bottlenecks following extinction and single-source
migration, do not apply to systems under farmer management
(Louette et al., 1997; Dyer and Taylos, 2008; Heerwaarden et
al., 2010). High levels of pollen migration, such as occur in
cross-pollinated crops such as maize and pearl millet may mask
the effects of seed management on structure (Heerwarrden et
al., 2010). In general it seems that farmer selection practices
may not be a constraint in terms of having the diversity needed,
as long as the effective population sizes are large enough to
allow for evolution and adaptation, supported by adequate seed
or gene flow.

Seed migration in traditional varieties can be fairly
local-within communities or among neighboring communities
(Collado-Panduro et al., 2005; Mar, 2002; Bela et al., 2006;
Latourniere-Moreno et al., 2006; Banyia et al., 2003). Along
the central Amazon River in Peru, most seed exchange of maize,
cassava, peanut, chili peppers and cotton, occurred within rather
than among the 13 communities. This seemed to reflect diffi-
culties of access and communication among communities. Sim-
ilarly, Tanto et al. (2009) found that seed flow for barley does
not occur independently across the years within two seasons in
areas of Ethiopia where there are two cropping seasons for the
crop. Sagnard et al. (2008) found no genetic structuring among
traditional sorghum varieties in villages in Burkina Faso, Mali
and Niger, indicating that traditional seed systems operate at a
very local scale in these study sites. However, some seed net-
works can be extensive covering distances that cross national
boundaries and ecosystems (Zimmerer, 1996; Valdivia, 2005;
Coomes, 2001).

While farmers may prefer to obtain desired seeds from others
immediately after harvest, they may also need to obtain seeds
at planting time when germination failed. At this point, farmers
often have little choice in the variety obtained although they
may try to obtain material from a microenvironment similar to
theirs (Rana, 2004). Usually under such situations, farmers rely
on social connections for their immediate needs, but community
seed banks can be seed sources. Community biodiversity regis-
ters can provide information to locate the relevant variety within
the community, but this requires very good documentation of
local crop diversity in the register (Subedi et al., 2005), as well
as access by farmers to the information. In cases of difficulty in
acquiring seeds, local markets, middlemen, NGOs and experts,
or nodal farmers, become increasingly important as sources of
seed supply (Table 1).

B. Seed Custodians and Social Networks

Trust has been shown to be an important factor in farmers’
choice of which seeds to acquire (Badstue, 2007). Public ex-
tension services may not always be seen as a trusted source,
because the system is perceived to deliver too narrow a range
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of varieties which are not suited to the diverse growing condi-
tions that a farmer may be managing (Adato and Meinzen-Dick,
2007). The response to seed needs is usually to look first for a
family member or a friend as a reliable source (Almekinders et
al., 1994; Badstue et al., 2007; Barnaud et al., 2008), and social
relations play an important role in seed acquisition throughout
the world (e.g., Ethiopia; McGuirre, 2008). Poudel et al. (2005)
reported that communities with weak social networks are more
vulnerable to accessing locally adapted seeds in adverse con-
ditions, compared to those with strong social networks. Social
seed networks can be strengthened by interventions that im-
prove access to existing varieties and new diversity (e.g., seed
fairs, diversity kits, community seed banks, participatory variety
selection programs; Table 1). With better exposure of farmers
to breeding skills and knowledge, participatory plant breeding
(PPB) can strengthen farmer seed systems and promote on-farm
management and sustainable use of local crop diversity (Sper-
ling et al., 2001; Almekinders et al., 2006; Halewood et al.,
2007) (Table 1).

Access to seeds may require appropriate social ties and kin
networks (Lopez, 2004). Heritage and cultural identity val-
ues can be enhanced when a traditional variety is acquired
from someone who is a relative or an elder in the community
(Meinzen-Dick and Eyzaguirre, 2009). Analysis of rice seed
supply networks in Nepal (Subedi et al., 2003) revealed their
complexity and dependence on a range of social variables. In
many communities, certain individuals may act as nodal farm-
ers, characterized by their involvement in a large number of
exchanges (Subedi et al., 2003; Subedi and Garforth, 1996). Fur-
ther investigation has shown that the people who act as”’nodal”
farmers may change from one year to another (Poudel et al.,
2008). Social prestige and religious values can be used to en-
hance the incentives to both maintain and share traditional crop
varieties (Meinzen-Dick and Eyzaguirre, 2009).

Seed networks can be dependent on gender, wealth status,
and age (Lope, 2004; Rana et al., 2008; Howard, 2003; Sil-
litoe, 2003; Song and Jiggins, 2003; Morales-Valderrama and
Quifiones-Vega, 2000), but in some cases, they have been found
to be gender-independent (Subedi and Garforth, 1996). Poor
women often have less access to finance, markets, technologies,
education systems, thus inhibiting ability to diversify (Mernooy
and Fajber, 2004). Community seed networks, which were men-
men, men-women (men led), women-men (women led), and
women-women, have all been found in certain communities
(Belem, 2000; Okwu and Umoru, 2009).

Gender, wealth, social status, and market-related variables
have different effects on diversity in different parts of the world.
In Ethiopia, education positively influenced the amount of di-
versity on farm for maize, wheat, and teff, but not for barley.
Female-headed households grew more evenly distributed wheat
varieties. Households with substantial outside sources of in-
come grow a greater range of barley varieties, but this was not
the case for maize (Benin et al., 2006). Labour policies that
affect household labour supply and its composition are likely to
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have a large impact on traditional crop variety diversity. Loss
of adult male labour has been correlated with the reduction of
the diversity of crops and varieties grown (Van Dusen, 2006;
Gauchan et al., 2006). Several studies have found that female-
headed households are more likely to grow more traditional
varieties (Gauchan et al., 2006; Edmondes et al., 2006; Benin
et al., 2006; Dossou, 2004).

A number of ways to support key groups and hence increase
the use of traditional varieties have been proposed and tested
(Table 1). Most methods include training key seed producers
and women in seed cleaning, multiplication and distribution and
support for local institutions and social networks. Common ap-
proaches involve the development of community seed banks and
diversity fairs and the identification of reliable farmers who can
underpin farmer-to-farmer exchanges, as in Syria (Aw-Hassan
et al., 2008). Diversity seed fairs that are organized by public
institutions together with communities or non-governmental or-
ganizations, can help to increase transparency in seed quality
and bridge knowledge across institutions and farmers on va-
riety quality (Meinzen-Dick and Eyzaguirre, 2009; Nathaniels
and Mwijage, 2006). Such interventions are likely to work best
when the characteristics of the different families, communities
and groups (gender, ethnic, religious, and wealth) who are most
likely to conserve diversity are known (Smale et al., 2004).

C. Adaptability and Change

The characteristics of the seed systems and the ways in which
they change over time are likely to have a substantial impact on
the genetic diversity present in individual crops and varieties.
The seed systems of specific crops are subject to substantial vari-
ation in the availability of different materials as a result of vari-
ation in production, market fluctuations, government policies,
climate variability, and in the framework of catastrophes such
as droughts and hurricanes (Latourniere-Moreno et al., 2006).
The ability to access seeds promotes resilience in the farmers’
production systems. Access to seeds can buffer against uncer-
tainty and periods of rapid change across temporal and spatial
scales. Lack of funds to purchase seeds, particularly during times
of environmental uncertainty, reduces where coping strategies
are needed, such as high seeding rates to counter uncertainty
(Mcguire, 2007; Tuxil et al., 2009; Latourniere-Moreno et al.,
2006; Bisht et al., 2007). Analysis is needed to ensure that the
planting materials have enough diversity to adapt to farmer se-
lection and management. Modeling social-ecological systems
are needed to explore attributes that affect resilience, particu-
larly in systems with high predictability (Walker et al., 2010).

The extent of migration can change substantially from year
to year with significant migration occurring in years where pro-
duction is poor, or as a result of major seed losses through
disasters such as floods and hurricanes (Hodgkin et al., 2007).
In the Western Terai of Nepal, farmers maintain a portfolio of
local rice varieties (usually of short duration such as Sauthariya)
to replant the crop when total crop failed because of stochastic
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events or poor rain after planting (Bhandari, 2009). Every year
small nurseries are maintained for such cultivars in case the crop
fails by community seed banks where farmers “borrow” seeds
at planting time and return them after harvest (Table 1).

D. Seed Regulations and Access to Diversity

Farmers’ ability to maintain and acquire seed from the infor-
mal sources described above may be affected by the establish-
ment of formal seed systems, e.g., seed distribution and release
systems are regulated and monitored by the state (Figure 1;
3d). The original elements that defined the formal seed systems
were put in place as a result of the development of specialized
plant breeding products in Europe in the mid-nineteenth cen-
tury, in order to create transparency in a seed market where
variety names were rapidly proliferating. (Bishaw and Van Gas-
tel, 2009; Louwaars and Burgoud, in press). Current variety
registration for commercial purposes requires that the new vari-
ety be distinct from all varieties of common knowledge, uniform
in its essential characteristics and highly stable after repeated
multiplication (DUS = Distinctness, Uniformity and Stability,
Bishaw and Van Gastel, 2009). These criteria guarantee that
when a farmer buys seeds of a registered variety, these will be
indeed of that variety and it will perform as such over time.
In addition, testing for cultivation and use values (VCU) was
introduced as a requirement for commercial release, in order for
farmers to have an independent assessment of the yield, quality
and value of the grain. As developing countries have estab-
lished seed production systems greatly inspired by the ones in
Europe, they have adopted seed certification and variety registra-
tion schemes that are similar to the European model (Louwaars
and Burgoud, in press; Grain, 2005).

Some civil society organizations, organic food producers and
environmentalists have denounced the rigidity of the unifor-
mity criteria, and the costs involved in variety registration and
seed certification, which make the formal system unfriendly for
farmers’ varieties such as landraces and new varieties developed
through participatory plant breeding, leaving these varieties out-
side the legal market of seeds (Farm Seed Opportunities, 2009).
Inaddition to limiting the opportunities for farmers to obtain rev-
enues from the varieties they produce, this situation results in
less genetic diversity available in the market and may ultimately
threaten diversity on farm (Leskien and Flitner, 1997; Louwaars,
2000; Kastler, 2005; Farm Seed Opportunities, 2009).

A number of studies have shown that the formal seed sec-
tor does not have the capacity to supply the variability needed
in low input farming systems, nor to meet the need for locally
adapted varieties (De Boef et al., 2010; Kesavan and Swami-
nathan, 2008; Lipper, 2010). Common figures suggest that the
formal system provides for around 15% of the total seeds used
by farmers in developing countries (Cooper, 1993; FAQO, 1998;
2010; Hodgkin et al., 2007), although the situation varies by crop
and region. In Europe, there is still an important demand for tra-
ditional varieties among small farmers and amateurs for direct
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cultivation and for participatory breeding programs sponsored
by organic agriculture associations (Toledo, 2002; Negri, 2003;
Chable, 2005; Negri et al., 2009). According to European Union
regulations, farmers are allowed to reproduce non-certified seeds
for themselves, but they are not able to sell it. Depending on how
strict governments are, exchange of non-registered seeds may be
considered illegal as well (Louwaars and Burgaud, in press). The
situation in developing countries is quite different: Seed regula-
tions are rarely enforced at the local level, and both traditional
and modern varieties are exchanged freely among farmers and
sold in local markets (Louwaars, 2002). However, the existence
of a formal seed system can affect the dynamics of the informal
systems and have an impact on the diversity available to farmers.
Firstly, the use of certified seeds of modern varieties is either
recommended by extension services, linked to credit facilities
and subsidies, or is obliged by the processing industry (Jaffe
and Van Wijk, 1995; Tripp, 1998, Pascual and Perrings, 2007;
Mosely, 2010). Subsidies can lock farmers into a pest-control
technology linked to the distribution of modern crop varieties
(Wilson and Disdell, 2001). Secondly, the illegality of selling
noncertified seeds discourages the development of alternative
models of seed supply (Birol, 2007; Lipper, 2010).

Different models have been proposed and tested to create a
space for different ways of seed production and supply, within
the formal seed system. Keeping the formal system’s original
objectives of providing transparency and ensuring seed qual-
ity, these models try to address the information gaps commonly
found in informal seed systems by regulating the commercial-
ization of traditional and modern varieties in a way that bet-
ter adapts to farmer and small breeder needs. The European
Union has recently approved a special treatment for the so called
conservation varieties by which landraces adapted to local and
regional conditions and threatened by genetic erosion can be
registered for commercialization under certain conditions.* The
special treatment consists, of 1) a certain degree of flexibility
in the level of uniformity that is required, and 2) an exemption
from official examination if the applicant can provide sufficient
information about the variety through other means such us un-
official tests and knowledge gained from practical experiences.
In Nepal, the uniformity requirements of the Nepalese Seed
Act were applied in a relaxed manner in order to accommodate
farmers” application for the registration of certain varieties de-
veloped by participatory plant breeding together with traders
and hoteliers in 2006 (Gyawali et al., 2009; Halewood et al.,
2007). In Argentina, seeds of ancient varieties of forages can be
commercialized as “Clase Identificada ComUn” (Common Iden-
tified Variety), without indicating the name of the variety on the
seed package. An alfalfa landrace known as alfalfa pampeano
can therefore be sold under the general name of alfalfa seed.

!Directive 2008/62/EC of 20 June 2008 provides for certain dero-
gations for the acceptance of agricultural landraces and varieties which
are naturally adapted to the local and regional conditions and threat-
ened by genetic erosion and for marketing of seed and seed potatoes of
those landraces and varieties.

151

Since the name of the variety is not required in this case, the
landraces can be legally sold without having to meet the DUS
criteria required for variety registration (Gutierrez and Penna,
2004). This alternative, however, may lead to information gaps
once the landraces’ seeds are commercialized beyond a limited
and reliable circuit.

Some countries recognize partial or full auto-certification
systems for traditional varieties (Table 1). The Quality Declared
Seed System proposed by the Food and Agriculture Organiza-
tion of the United Nations (FAO, 1993) has been widely used
in areas where seed markets are not functional and government
resources are too limited to effectively manage comprehensive
certification systems. Under this system, seed producers are re-
sponsible for quality control, while government agents check
only a very limited portion of seed lots and seed multiplication
fields. The system has been recently revised with the aim of
recognizing the role of national policies and providing a clearer
explanation on how quality declared seeds can accommodate
local varieties (FAO, 2006b).

IV. IMPROVING USE THROUGH BETTER
INFORMATION, MATERIALS AND MANAGEMENT

The use of the traditional crop diversity by farmers or com-
munities might often be increased (i) if there were more informa-
tion on the characteristics (eco-physiological, adaptive, quality
traits) or uses of these materials, (ii) if the materials themselves
were enhanced, or (iii) if the agronomic management of the
materials were improved. Farmers may perceive that traditional
varieties are not competitive with other options because of a lack
of characterization and evaluation information on the varieties,
or because of a lack of information on appropriate management
methods (Figure 1: 3a). This lack of information may occur
either because the information does not exist, e.g., the varieties
have never been characterized or evaluated on farm (Figure 1:
3a.2) or because the information is not available to the user
community (Figure 1: 3a.1).

Even when traditional varieties meet some of the farmers’
needs, there may be a number of constraints which limit their
use and prevent them reaching their full potential. Thus, envi-
ronmental or market conditions may have changed, or varieties
may have become susceptible to new pests and diseases (Fig-
ure 1: 3b). If the varieties available to the community lack the
diversity needed to adapt to these changes, new materials may
be needed with the required traits, or different management
methods that improve the performance of the varieties may be
required (Figure 1: 3c).

A. Producing and Providing Characterization and
Evaluation Information for Traditional Varieties
Farmers who have to access seed from other sources have
to depend on information offered by the seed provider or on
common shared knowledge on traits, consumption character-
istics, environmental adaptation and seed quality etc. to man-
age their crops. Often their information about crop varieties
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is extremely limited (Tripp, 2001) and seeds obtained from
farmers, market vendors, or seed companies are frequently re-
ported to be accompanied by a lack of adequate information
(Badstue, 2007). Farmers may also lack access to information
on management methods, particularly, for example, for nurs-
ery practices for fruit trees (Oyedele et al., 2009; Shalpykov,
2008).

There is a widening recognition by the agricultural research
and development community of the value of farmer knowledge,
and an increasing use of new information and communication
technologies to disseminate this information (Ballantyne, 2009;
Kesavan and Swaminathan, 2008; Liang and Brookfield, 2009).
Despite the reports that farmers often lack information (as noted
above), there are also reports that farmers exchange informa-
tion on individual varieties, local uses of plant parts, cropping
systems, and eating qualities, along with seeds (Rijal, 2007).
Farmers also share ecological information together with seeds
through local networks. The technical messages derived from
failures are shared among local farmers faster than those associ-
ated with success (Rijal, 2007; Rana, 2004; Shah et al., 2009). In
some cases, information may be shared through cultural media,
such as folksongs that characterize different traditional varieties
and promote genetic enhancement in Ethiopia (Mekbib, 2009)
(Table 1).

Lack of both formal and informal inter-agency and inter-
ministerial (e.g., ministries and departments of the environment
and of agricultural) information sharing is a barrier to success-
ful policy formulation to support innovative land management
technologies and strategies that support local crop genetic diver-
sity in the production system (Grarforth et al., 2005). Robertson
and Swinton (2005) and Pretty and Smith (2004) discuss the
increasing importance of new communication methods among
agricultural professionals and farmers. Modern information and
communication technologies in village-based knowledge cen-
ters have been used to provide timely and local-specific in-
formation that meets farmers’ demands (Kesavan and Swami-
nathan, 2008). Nursery growers in Central Asia and India can
now access information related to scion and rootstock compati-
bility, and contact custodians of diversity of both mother plants
(scion block) and rootstocks (Kerimova, 2008; Djavakyants,
2010; Singh, pers. Comm,, 2010) (Table 1). Radio and televi-
sion are also effective and easily accessible sources of agricul-
tural information (Shah et al., 2009; Baral et al., 2006; Bal-
lantyne, 2009; Balma et al., 2005) (Table 1). In the developed
world, networks of weather stations in farming regions are be-
coming the norm. Farmers tap into these for real-time weather
data. A relatively inexpensive weather station can be purchased
for a farmer community and added to a free weather network
such as Wunderground Weather (http://www.wunderground.
com/weatherstation/index.asp#hardware) (Table 1).

In addition to information, access to traditional varieties may
often be limited within the community, even when a sufficient
quantity of seed is available (Badstue, 2006), simply because of
poor access to information, weak social networks, social exclu-
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sion, and weak institutional mechanisms for collective actions
(Sthapit and Joshi, 1996; Shrestha et al., 2006) (Figure 1: 3a.1).
In some instances, many farmers may not be aware that useful
resources are available, particularly when a variety is only grown
by a few farmers within a community (Sthapit and Rao, 2009).
For example, Sthapit et al. (2006d) reported that while aromatic
sponge gourd was grown by only a few farmers in a mid-hills
community in Nepal, the number increased significantly after a
diversity fair was organized and locally multiplied seeds were
distributed.

Most of the work on the evaluation and characterization of
traditional varieties is undertaken in the context of the descrip-
tion of materials from genebank collections (Dudnik, et al.,
2001; Fowler and Hodgkin, 2004). It has been suggested that
this may have limited value with respect to evaluation data, as
many traditional varieties are specifically adapted to their abi-
otic and biotic environment (Budenhagen, 1983; Harlan, 1977;
Teshome et al., 2001). Recently, there has been an increased in-
terest in testing varieties collected directly from farmers and in
comparing their performance with modern varieties (as checks
or controls) under low input conditions, in order to have data
that compares traditional varieties with other options available
to farmers (Bouhassan et al., 2003; Tushmereirwe, 1996; FAO,
2010). These studies have included multi-locational trials on
farm and on research stations for adaptive traits such as drought
tolerance (Sadiki, 2006; Jackson et al., 2008); Magorokosho
et al., 2006; Weltzien et al., 2006), salt stress (Rhouma et al.,
2006; Hue et al., 2006), nitrogen fixation (Sadiki, 2006), cold
tolerance (Thinlay, 1998; Thinlay et al., 2000) and disease re-
sistance (Trutmann et. al., 1997; Gauti et al., 2005; Finckh
and Wolf, 2007). In one study, the relative performance of rice
varieties was tested by reciprocal planting in different mois-
ture regimes using upland, rain-fed and irrigated rice ecosys-
tems. Interestingly, the results showed that some rice vari-
eties had higher yields outside their home environments (Rijal,
2007).

While traditional knowledge (and variety names) may pro-
vide some information about the nutritional value of different
varieties, specific macro- or micro-nutrient data is often not
available (Worede, 1997). Laboratory evaluations comparing
nutritional levels among traditional and modern varieties for
Bangladesh rice showed that some of the traditional varieties
had higher iron and zinc contents than modern ones (Kennedy
and Burlingame, 2003). Similar work has been done to com-
pare protein levels across traditional and modern bean varieties
(Cazarez-Sanchez, 2004; Cazarez- Sanchez and Duch, 2004)
and levels of hotness in chili varieties in the Yucatan, Mexico,
(Cazarez-Sanchez et al., 2005). Hotness was related also to the
different dishes prepared with chili. Surprising little character-
ization of traditional varieties for systems that adopt certified
organic agricultural practices has been done until very recently
in Europe (Dawson et al., 2008; Bengtsson, 2005).

It is important that characterization and evaluation studies
are done under farm conditions, in sites that are accessible to
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farmers and include appropriate modern varieties as controls or
checks. Farmers often do not have sufficient capital or time to
experiment with allocating their varieties to different produc-
tion spaces in replicated trials. Growing varieties from different
areas together in replicates on farmers’ fields offers farmers
the chance to observe comparative reactions of traditional and
modern varieties. Interventions, such as the establishment of di-
versity blocks by community seed banks, and the organization
of farm walks, cross-site visits for farmers, or other community
events, can act as platforms for social learning. An important
aspect is to provide the platform at the community level that
allows farmers and researchers to interact and learn.

B. Improving Traditional Varieties

Improving the performance of traditional varieties in par-
ticipatory crop improvement programs has been undertaken in
many programs over the last decade, particularly in low input
systems (Table 1). Some of these programs have involved the
identification of agronomic traits with molecular characteriza-
tion so as to exploit the local diversity and produce varieties that
are superior in marginal environments, but have a broad genetic
base (Chiffoleau and. Desclaux, 2006; Ceccarelli and Gando,
2007; Dawson et al., 2008; Gyawali, et al., 2007; Joshi et al,
2001; Sthapit et al., 1996; Witcombe et al., 2005; Ceccarelli et
al., 2009; Danial et al., 2007; Almekinders et al., 2006; Ortiz
et al., 2009; Valdivia Bernal et al., 2007; Marquez et al., 2009).
Participatory or decentralized crop improvement begins with
an understanding of the farmers’ preferred criteria, and often
includes describing the management methods that farmers use
for selecting the next generation (Smith et al, 2001, Mekbib,
2008; Nkongolo et al., 2008; Jarvis and Campilan, 2007) (Table
1). Traditional varieties may be improved both by preserving
traits which are preferred by farmers and by adding additional
traits (e.g., pest resistance) to a preferred traditional variety;
the process can be implemented at a large number of locations
(Lacy et al., 2006). The process helps to link farmer and breeder
choices, and analyze tradeoffs that might differ among farmers’
and breeders’ choices (Gauchan et al., 2006). Setting collabo-
rative breeding goals with farmers in Nepal for improving the
traditional rice variety mansara, adapted to poor soils, resulted
in the development of the improved variety, mansara-4. This
variety is now spreading to areas where no other rice variety
could be grown (Sthapit et al., 2006a; Gyawali et al., 2007).

In several countries resistance breeding procedures are inte-
grating farmer selection and using local material and participa-
tory breeding to improve other production and quality traits of
locally-resistant varieties, as well as improving the resistance
of locally adapted non-resistant varieties (Mgonja et al., 2005;
FAO, 2010). Varieties that are made available from participatory
programs are most likely to spread through existing seed sys-
tems. Itis therefore important that methods used to improve crop
material and seed quality take account of and are linked to seed
supply systems (Bishaw and Turner, 2008; Gyawali et al., 2007).
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A major concern for farmers is seed quality including purity,
high germination rates, and reduced disease problems (Weltzien
and vom Brocke, 2000; vom Brocke et al., 2003; Asfaw et
al., 2007). Studies on traditional variety seed germination rates
(Celis-Velazquez et al., 2008) and resistant to post-harvest pests
(Teshome et al., 1999) have compared relative levels for tra-
ditional and modern varieties and found traditional varieties
to perform well in many cases. Village seed systems certainly
maintain the identity of varieties and, in central Mozambique,
have been shown to maintain the purity of varieties and supply
quality seed (Rohrback and Kiala, 2007). On-farm seed quality
for traditional sorghum varieties was found to be comparatively
good by comparison to modern varieties and met national and re-
gional West Asian and North African standards (Mekbib, 2009).
Truthful labeling and declaring the source of seed is being used
to ensure quality at the community level (Devkota et al., 2008).
Actions such as seed sorting machines, training in seed qual-
ity improvement, seed health, and processing can improve seed
quality. Seed cleaning technology for seed-borne diseases, nor-
mally recommended for certified varieties, has been used on
traditional varieties to increase faba bean yield for traditional
varieties by almost 50% (Sadiki et al., 2002). Recommendations
have been made to expand agricultural extension packages to in-
clude traditional varieties with improved management methods
(Jarvis and Hodgkin, 2008).

C. Improving the Management of Traditional Varieties

Management practices may also serve to improve the produc-
tivity and stability of traditional varieties within the farmers’
production system (Figure 1: 3c¢). Planting mixtures of tradi-
tional varieties, or of crop populations with high genetic vari-
ability, has the potential to reduce pests and diseases on farm
(Li et al., 2009). Managing sets of varieties or crop populations
with different levels of avoidance or tolerance to abiotic stress
can decrease the probability of yield loss due to unpredictable
rainfall and temperature regimes (Figure 1: 3c.2).

The potential negative consequences of planting large areas
to single, uniform crop cultivars were recognized as early as
the 1930s by agricultural scientists (Marshall, 1977). The Irish
potato famine has been cited as one of the most dramatic ex-
amples of genetic uniformity leading to devastating loss of crop
(Schumann, 1991). Breeding programs continue to develop new
varieties and to replace varieties that have lost their resistance
to diseases, but the maintenance cost, particularly in developing
countries, is high (Strange and Scott, 2005). Resistant varieties
may only remain so for a few cropping seasons as new patho-
types emerge (de Vallavieille-Pope, 2004). When resistance in
a monoculture breaks down, the whole area of the crop sown
to susceptible varieties may succumb while, in a genetically di-
verse field or variety, it is much less likely that all the different
types of resistance present will break down (Mundt, 1991).

Farmers often have local preferences for growing mixtures
of cultivars that provide resistance to local pest and diseases
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and enhance yield stability (Trutmann et al., 1993; Karamura
and Karamura, 1995; Trutmann et al., 1993; Jarvis et al., 2007).
High levels of diversity of traditional rice varieties in Bhutan has
been shown to have high functional diversity against rice blast
(Thinlay et al., 2000; Finckh, 2003) while high wheat diversity
in Italy has been shown to provide yield stability in conditions
of low pesticide application (Di Falco and Chavas, 2007). The
development of varietal mixtures, or sets of varieties with non-
uniform resistance and with lower new pathogens migration or
mutation probability of existing pathogens, is in progress in
many parts of the world (Finckh et al., 2000; Finckh and Wolfe,
2007; Jarvis et al., 2007). Such mixtures are based on the analy-
sis of the resistance background, agronomic character, economic
value, local cultivation conditions, and farmer preferences.

There is substantial genetic variation for response to water
deficit within and among traditional varieties, and a growing
literature on the use of a diversity of traditional varieties to min-
imize risks dues to climatic variability (Sawadogo et al., 2006;
Sadiki, 2006; Weltzien et al., 2006). Drought is a complex stress,
influenced by both heat and drought, and plant response also
varies according to timing in relation to the plant growth stage
and stress intensity (Witcombe et al., 2008). Drought tolerance
and drought avoidance seem to involve different mechanisms
(Yue et al., 2006). While no unified abiotic stress resistance
mechanism exists (Blum, 2004), there are certainly genes which
are involved in responding to a number of different stresses.
Planting a range of varieties or multilines with different drought
avoidance and resistance properties could be an attractive op-
tion for low input systems. Sorghum growers in West Africa
use a diversity of traditional varieties with different flowering
dates to minimize risks due to climatic variability (Weltzien et
al., 2006). Lipper et al. (2009), have shown that for sorghum
farmers in Ethiopia the adoption of a sorghum improved variety,
developed to allow drought evasion, was not an effective means
of coping with drought and that landraces were more likely to
provide the desired drought tolerance characteristics desired by
farmers. They also noted that improving education levels among
farmers might allow them access to more varieties adapted to
low production conditions.

Brown and Rieseberg (2006) compared methods for man-
aging diversity for abiotic and biotic stress that would enable
farmers to cope with the stress factors in their production sys-
tems. They noted that the scale of variation of abiotic stress both
in time and space was greater for abiotic than for biotic stress,
that the degree of abiotic stress is less affected by the plant con-
dition than biotic stress, and that divergence is more important
that local polymorphism for abiotic versus biotic stress (Brown
and Rieseberg, 2006).

Both farmer selection and natural selection can have sub-
stantial effects on the seed produced for future crops. Different
farmers may have diverging perspectives and management prac-
tices in managing their seed stocks and introducing new mate-
rial. This can result in differences in the time when seed can be
provided and in the population structure of the next generation
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of seeds (Louette et al., 1997). Different farmer selection prac-
tices (or different participatory selection procedures will affect
the genetic make-up and evolutionary dynamics of crop popula-
tions (Ceccarelli et al., 2009; Scarcelli et al., 2007; Barnaud et
al., 2008; Sagnard et al., 2008; Gautam et al., 2009). In the case
of vegetatively propagated crops, this reflects farmers’ variety-
specific handling of seed tubers (Zannou, 2009; Scarcelli et al.,
2006) and genetic effects are likely to result from mutation,
epigenetic influences or mixing by farmers.

Marketing at a desirable price can be a problem when farmers
do not have storage facilities but must sell their crop to avoid
seed or tuber rot (Figure 1: 3c.1). Improved storage allows farm-
ers to sell their seeds or grain at periods when the market price
is higher (Agbaje et al., 2005). Seed storage devices and meth-
ods determine the vulnerability of seeds to pests, diseases and
physiological deterioration (Gepts, 1990; Latourniere-Moreno
et al., 2006; Table 1). Post-harvest losses are a serious cause of
production losses in developing countries (Grum et al., 2003).
Improving the air-tightness of storage containers (Wambugu et
al., 2009; Thamaga-Chitja et al., 2004), heat treatment (Beckett
et al., 2007), manual seed cleaning, and application of non-
toxic materials, are some easily applicable methods that com-
bine traditional and modern seed storage technology to reduce
the post-harvest vulnerability of seeds (Table 1). Complemen-
tary technical solutions will be necessary to integrate the future
use of agricultural strategies that include the use of diverse tradi-
tional varieties. These may also include adjustments of planting
and harvesting to facilitate separation of the harvest products
where the handling of mixtures is not possible or not desirable
(Finckh, 2008).

D. Improving Policies to Support Farmers Using
Traditional Varieties

In general, there are few incentive structures that promote:
the conservation and sustainable use of agricultural biodiversity
and farmers’ customary practices—the heart of Farmers’ Rights
(2010); Figure 1: 3d). Current legal systems make it difficult to
adequately recognize the contributions of farmers and farming
communities in conserving, developing and using agricultural
biodiversity. National and local governments have not yet ad-
equately given a real content to the overused, but so far rather
diffuse concept of Farmers’ Rights by translating it into practi-
cal measures that effectively support farmers who conserve and
generate crop diversity (Andersen, 2005; 2007).

Intellectual property rights have been a recurrent element
in the discussions around the concept of farmers’ rights. The
limitations to use, save, duplicate and exchange plant varieties
protected by intellectual property rights, the lack of recogni-
tion or compensation for farmers when new products based on
their traditional varieties and ancestral knowledge are subject to
property rights, the incapacity of the currentintellectual property
system to adequately protect farmers’ varieties and knowledge
as well as innovations generated at the community level, are
some of the issues that are commonly raised when dealing with
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the protection of farmers’ rights (The Crucible Group, 1994;
Leskien and Flitner, 1997; Correa, in press).

Some national laws have attempted to conciliate the different
stakeholders’ interests with regard to intellectual property pro-
tection by combining UPOV-style protection of new plant vari-
eties and a sui generisprotection of farmers’ varieties. Examples
of this are the Thailand Plant Varieties Protection Act 1999, the
Indian Protection of Plant Varieties and Farmers’ Rights Act
2001, and the Malaysian Protection of New Plant Varieties Act
2004. However, the success of such laws in achieving crop diver-
sity conservation and farmers’ rights protection is questionable.
There is also a great deal of opposition to the belief that con-
ferring private rights to farmer varieties would be beneficial to
farmers and farmer communities (Srinivasan, 2003; Eyzaguirre
and Dennis, 2007). Jaffe and Van Wijk (1995, p.76) argue that
the introduction of plant variety protection causes a change of
principle: “When farmers start to use protected varieties, their
natural right of seed saving becomes a legal right, or even less, a
“privilege.” Such a legal right is subjected to political decision—
making and possibly prone to restrictions in the future.”

Registers of traditional varieties have been promoted by a
few national and local governments to help advance the re-
alization of farmers’ rights in different ways (Table 1). The
registries document and perpetuate traditional knowledge re-
lated to the use of crop diversity and have been used to create
a sense of ownership over traditional varieties and empower lo-
cal communities with regards to local activities oriented to the
conservation and sustainable use of traditional varieties (Lopez
Noriega, in press;Aboagye, 2007). In addition, they have worked
as defensive publications and prevent the misappropriation of
farmers’ genetic resources by acting as a record of the farmer
varieties found within the community together with descriptive
agronomic, adaptive, quality and other use traits. Examples of
local registers can be found in several communities in Nepal
(Subedi et al., 2005; Sthapit and Quek, 2005). The government
of Peru maintains a national register of traditional varieties of
potato, and several regional governments in Italy support re-
gional databases of ancient varieties (Lopez Noriega, in press;
Ruiz, 2009). In some cases, the registers or databases constitute
the basis for the government to provide direct support to the
farmers who cultivate traditional varieties. In Hungary, a list
of locally-grown traditional varieties targeted for protection is
published as an annex to a law, with mechanisms developed for
adding new varieties to the list. Farmers who grow crops from
the list can receive subsidies, on the condition that they provide
aprescribed quantity of seeds to others interested in the growing
of the same crop (Mar, 2002, Bela et al., 2006.).

Another important aspect of Farmers’ Rights, as pointed
out by the International Treaty on Plant Genetic Resources
for Food and Agriculture,? e.g., the farmers’ involvement in

2The International Treaty on Plant Genetic Resources for Food and
Agriculture was adopted by the FAO General Assembly in 2001 and
entered into force in 2004. Today, 112 countries and the European
Union are parties to the Treaty. Its objectives are the conservation and
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decision-making processes dealing with plant genetic resources.
In reality, due to the complex nature of the trade-offs that genetic
resource policies have to address, their development and imple-
mentation require the involvement of as many stakeholders as
possible (Wale et al., 2008). For this reason, innovative gover-
nance methods that facilitate communication and understanding
among all the actors involved and between science and policy
need to be tested and eventually adopted. To a great extent,
the local farmers’ ability to express themselves in participatory
decision-making is linked to the existence of strong and effi-
cient civil society organizations such as farmers’ associations
representing their interests (Lapena, 2008).

V. BENEFITING FROM THE USE OF LOCAL CROP
GENETIC DIVERSITY

Benefits from the use of local crop genetic diversity may
come from its current use value, derived from the consumption
of a good or service by an individual or a community. Benefits
may come from its options value, or the value associated with
retaining an option to a good or service in the future. Finally,
a resource may be valued for its existence, unrelated to any
use of the resource and/or its bequest value, the altruistic value
that the individual or community is concerned that the resource
should be available to others in the current or future generation
(Smale, 2006; Bateman et al., 2002). Enhancing the benefits for
farmers of local crop diversity means enhancing the net benefits,
as there also could be costs to farmers associated with any
benefit generating option (Sthapit et al., 2008b). This involves
ensuring that appropriate incentives for creating and sharing
benefits with farmers are developed and that unnecessary or
unintended barriers to the flow of benefits to the farmer are not
created through the introduction of taxes and subsidies (Bragdon
et al., 2009).

There are many ways which farmers can derive greater bene-
fits from the traditional crop varieties they manage. The success
of these involves inter alia supporting local institutions, enhanc-
ing collective action and property rights, and enabling farmers
to participate and lead the decision making process to the ap-
propriate action and its implementation.

A. Market-Based Actions and Incentives

Markets involve the exchange of goods and services between
participants, and as such constitute one of the principal social
arenas structuring farmers’ management decisions about diver-
sity (Smale, 2006). The market value of agricultural production
can be increased through development of new markets, im-
proved marketing, value addition, high value product differen-
tiation; improved processing equipment adapted to diversified

sustainable use of plant genetic resources for food and agriculture, and
the equitable sharing of the benefits arising out of their use, in harmony
with the Convention on Biological Diversity. Parties to the Treaty rec-
ognize their responsibility for realizing Farmers’ Rights under Article
9 of the Treaty.
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raw materials, and building trust among market chain actors
(Kontoleon et al., 2007; Lipper et al., 2010; Di Falco and Per-
rings, 2006; Giuliani, 2007; UNORCAC, 2008; Figure 1: 4a;
Table 1).

Agricultural communities interact with markets directly and
indirectly on a variety of scales, from household to global. The
steady integration of traditional farming regions into wider na-
tional and international market relationships is a dominant trend
of the last half-century. Pascual and Perrings (2007) reviewed
the influence, at the micro-scale (household, family farm) and
meso- and macro- scale (national and international policies), of
economic and institutional failures that have systematically dis-
torted farm-level decisions to conserve agricultural biodiversity.
These include agricultural production subsidies,® tax breaks, and
price controls (Tilman et al., 2002; Kontoleon et al., 2007; Kitti
et al., 2009).

Several market practices have been tested and put in place
to create incentives for agricultural biodiversity conservation.
“Fair trade” for “free trade” are market schemes that support
and advocate replacing millions of dollars in aid by paying a de-
cent price for the products purchased from poorer countries and
giving producers in those countries an opportunity to take care
of their own production environment (Kitti et al. 2009; Kesavan
and Swaminathan, 2008; Renard, 2003). Price premiums that
represent true costs of production have been studied to under-
stand how they can provide an incentive to conserve agricultural
biodiversity and, at the same time, to create benefits for poor
farmers (Kitti et al., 2009; Perfecto et al., 2005; Smith et al.,
2008). Product labeling can provide consumers with important
information not only on food quality, but about the conditions
under which the commodity was produced (Swallo and Sedjo,
2000; Giuliani, 2007). This labeling practice includes various
geographical identification procedures (Ramakrishnappa, 2006;
Garcia et al., 2007; Nagarajan, 2007; Salazar et al., 2007; Ori-
Gin, 2010).

Among other factors, creation of appropriate market condi-
tions depends on the provision of accurate and credible infor-
mation (Pascual and Perrings, 2007, Lipper et al., 2010; FAQ,
2007; Okwu and Umoru, 2009; Bela et al., 2006). Many de-
veloping country farmers are aware of market prices before
participating in the market, obtaining information most often
from neighbors, followed by village traders, the mass media,
and Extension agents (Nagaranjan et al., 2009). The increased
use of mobile and fixed phones has improved the flow of price
information among markets for small scale farmers (Nagaran-
jan et al., 2009). Groups working with rural poor communities
in India are supporting local market intelligence systems for
small-scale farmers in order to improve the availability of data
on demand and supply, production capacity and market prices
(Kesavan and Swaminathan, 2008). In some cases, creating sta-

3OEDC developed countries spend approximately US$225 billion
annually on agricultural subsidies for their own producers, between
one-fourth and one-third the global value of agricultural production in
2000.
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ble markets for diverse varieties sold as raw agricultural products
may not be a valid option although it may be possible to enhance
the benefits to farmers of local varieties by processing them for
specific markets (Kruijssen et al., 2009). This would involve
having processing equipment that can be used with diverse raw
materials (Finckh, 2008).

Choice models were originally developed by economists dur-
ing the 1970s to explain patterns of adoption of “green revolu-
tion” crop varieties by farmers in Asia and other regions (Smale,
2006). Subsequent researchers applied and refined revealed pref-
erence models to identify why many smallholder farm house-
holds continue to grow traditional crop varieties even in the
presence of agricultural development and widely available im-
proved varieties (Brush et al., 1992; Meng et al. 1998; Smale et
al., 2001; Van Dusen 2006; Gauchan et al., 2006). Recent studies
have shown that although greater on-farm diversity can increase
the likelihood that a household will sell traditional varieties,
high levels of diversity on farm may not be reflected in local
markets (Edmeades and Smale, 2009). Diversity on-farm was
reported to be a necessary condition for market involvement,
both in terms of the decision to participate and the richness of
traditional varieties sold. But this does not guarantee that on-
farm diversity will lead to market sales or diversity at the point
of sale (Edmeades and Smale, 2009).

Changes in markets linked to infrastructure and rural devel-
opment may trigger the erosion of traditional crop varieties,
both directly and indirectly. For instance, a new paved road that
reaches a previously isolated farm community can help farmers
to replace local varieties with improved seeds available in more
distant markets. The same road can also enable farm households
to substitute newly available goods or services for those previ-
ously supplied by diverse varieties (Smale and King, 2005).
However, improved access to a greater number of markets can
also provide potential incentives for farmers to retain crop diver-
sity, such as when demand for unusual heirloom or niche market
varieties exists among urban residents or other consumers (Lee,
2005; Irungu et al., 2007; Giuliani, 2007; Van Dusen, 2006;
Gauchan and Smale, 2003; Rana, 2004; Gruere et al., 2007;
Ramirez et al., 2009; UNORCAC, 2008).

Assisting smallholder groups to produce together and ex-
pand niche markets, will include such activities as educating
consumers about the values of diverse varieties, providing bet-
ter packaging (Gruere et al., 2007; Devaux et al., 2006) and
offering credit provisions to support transportation costs (Lee,
2005; Almekinders et al., 2010). In the best of cases, niche
markets might be useful for traditional varieties that are also
“best fit” to particular ecosystems, such as particular traditional
varieties shown to grow well on swampy soil or on poor up-
land soils (Gauchan and Smale, 2003; Rana, 2004; Gruere et
al., 2007). Marketing social-cultural aspects of traditional vari-
eties for particular culinary aspects and associated ethnic iden-
tity have also been used to create niche markets (Gruere et
al., 2007; Ramirez et al., 2009; Williams, 2009; Sthapit et al.,
2008a).
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Econometric methods have been used to test the effects of
crop genetic diversity on expected crop yields and yield vari-
ability as well as the probability of crop failure, given levels of
pesticide applied (Di Falco and Chavas, 2007). The work has
shown that when pesticide use is low crop genetic diversity re-
duces yield variance, but when pesticide use is high the effect
of the crop biodiversity on yield variance is not significant. In-
dicating that crop genetic diversity is acting as a substitute for
pesticides.

Value chain analysis has been used by economists to identify
bottlenecks to obtaining increased value from traditional vari-
eties and to map out the relations among actors and flows of
crop genetic resources (Andersen et al., 2010; Giuliani, 2007;
Kruijssen et al., 2009). The analysis has shown that stakeholder
meetings provide a forum for collecting crucial information
about the market chain as the meetings involve as many actors as
possible: producers and traders, cultivation experts, NGOS, and
representatives of relevant ministries (Giuliani, 2007). These
meetings help to design joint ventures with private sector enti-
ties. They also create reputation and trust in the areas of quality
and prices among farmers, food manufacturers, retailers, NGOs,
community-based and government organizations, important in
reducing transaction costs (Lipper et al., 2010; Almekinders
et al., 2010; Smith et al., 2008) (Table 1). Retailers and other
intermediaries are important sources of seed inputs and credit
for farmers (Almekinders et al., 2010; Giuliani, 2007; Lipper,
2010). They facilitate the flow through the chain by storing,
transporting, and reselling seeds and can respond to seed de-
mands from different regions at different planting times.

The role of local markets in seed provision, particularly of
traditional varieties has been the subject of a number of im-
portant recent studies. Local markets can be more effective in
promoting seed movement than specialized traders who may
overlook locally sourced seed (Dalton et al., 2010). In the case
of traditional crop varieties, seed and grain markets are usually
the same and the availability and identification of materials that
will be used as seed, with information on the desired production
and consumption traits may be difficult (Lipper et al., 2010).
Some studies have suggested that local seed supply channels
cannot be enhanced unless they are separated from grain sup-
ply channels (Nagarajan and Smale, 2007; Smale et al., 2010;
Almekinders et al., 2010). Enhancing local seed supply channels
may involve, for example, developing mechanisms for produc-
tion and trade of truthfully labeled or quality-declared seed by
farmer organizations with building collective action groups that
screen and value seed. Certifying the sellers rather than seed
may also be an option. Current examples are Producer Market-
ing Groups (PMGs) in Kenya (Audi et al., 2010) and Quality
Declared Seeds in Tanzania where small scale farmers are regis-
tered to produce seed for local sale and are provided with vendor
certification (FAO, 2006b: Granquist, 2009) (Table 1). Smale et
al. (2010), nevertheless, caution against the formalization of the
informal markets in Mali. They suggest that this development
could have negative effects on women who would lose the little
control they now exert over the grain resources unless they were
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trained about seed and linked to seed producer groups. It might
be more appropriate to develop regulations that shorten the pro-
cess of certifying seeds or that focus on seed quality rather than
seed purity (Lipper et al., 2010).

B. Non-Market-Based Actions and Incentives

The full value of agricultural biodiversity and its services is
not captured by the market because of a failure to internalize ex-
ternal costs (Thies, 2000). Crop biodiversity has socio-cultural,
insurance and option values, that will be underestimated if left
to the market (Pascual and Perrings, 2007; Smale, 2006). These
different values of traditional varieties may to some extent be
realized through non-market incentives (Figure 1: 4b;Table 1).
They can be realized, for instance, by improving public aware-
ness about sociocultural values of traditional varieties (Birol et
al., 2007), by providing information on the substitution value of
traditional variety diversity for fertilizer and pesticides (Di Falco
and Perrings, 2007), moral suasion, regulation and planning, by
preventing specific land management practices such as low input
zones (Pascual and Perrings, 2007), by designing agroecological
parks or agrotourism zones (Ruiz, 2009; Ramirez et al., 2009;
Ceroni, et al., 2007). Other possibilities include compensating
farmers for their conservation functions through payment for
environmental services (FAO, 2007; Brussaard et al., 2010) or
by supplying insurance functions and option values (Bragdon
et al., 2009). Insofar as they exist, the enforcement of Farm-
ers’ Rights, and the adaptation and enforcement of intellectual
property law could also play a role.

Methods to assess the non-market value of public goods can
be divided into two categories (Birol et al., 2007): 1) choice ex-
periment studies (or direct methods) that use stated preference
(willingness to pay/accept) to investigate the public’s valua-
tion of agri-environmental schemes and crop genetic reources
(Camepell et al., 2006; Birol and Ryan-Villalba, 2009); and, 2)
hedonic analysis (or indirect methods) that use revealed prefer-
ence (market information) to estimate the value of attributes of
crop genetic resources (Van Dusen and Taylor, 2005; Edmeades,
2006; Edmeades and Smale, 2009). Birol et al. (2007) reviewed
the different models and experimental data for obtaining not-
market values of biodiversity resources. They combined choice
experimental data with farm household data and concluded that
welfare measures derived form non-market public goods could
be more accurate when the methods are combined. Welfare mea-
sures (willingness to accept compensation) can be calculated for
different agrobiodiversity attributes within the farmers’ produc-
tion system and for the services provided by traditional varietal
diversity. These methods have helped to identify least cost agri-
environmental schemes that can encourage farmers to undertake
home gardens and on-farm management practices to support the
conservation and use of traditional varieties (Birol et al., 2006;
2007; 2009; Poudel and Johnsen, 2009).

Diversity, in the form of traditional varieties, has also been
valued as a deliberate strategy for managing abiotic and biotic
pressures in labor-intensive production systems with low levels



158

of chemical inputs (Edmeades et al., 2006; Waage et al., 2008).
Low chemical input or organic farming with local varieties can
promote agro-ecosystem stability and health (@stergérd et al.,
2009). Other studies have been used to account for substitution
value that traditional varietal diversity may give for pesticide in-
puts using a damage-abatement framework. These models value
the effect of crop varietal diversity not only for the yield effect
but also for the damage abatement effect of crop genetic choices
as a substitute for pesticide application (Oude and Carpentier,
2001). In this context, it is also worth noting that pesticide man-
ufacturers probably do not pay the full cost of the adverse affects
that pesticides have on the environment of human health (Pretty,
2008; Pingali and Roger, 1995).

There are several examples across the world of countries
and institutions implementing mechanisms to capture the non-
market value of local agricultural biodiversity (Table 1). En-
vironmentally Sensitive Areas (ESAs) in Hungary are a win-
dow for promoting organic farming, which could include the
use of traditional crop varieties (Bela et al., 2006). In Poland
semi-subsistence farms are often regarded as a major obstacle
to development. However, Siudek (2008) notes that expanding
farm businesses to include agrotourism in rural areas of Poland
would have the potential to reverse negative economic trends.
Agricultural biodiversity for recreation (Ceroni et al., 2007;
UNORCAC, 2008) includes agrotoursim zones established in
Peru (Ruiz, 2009) and agrobiodiversity botanical gardens in
Ecuador (Williams and Ramirez, 2006). These emphasize both
traditional crop diversity and cultural identity and are a means
to share benefits with local farming communities.

Bela et al. (2006) have suggested that there is a need to im-
prove communication among stakeholders to understand trade-
offs between public attributes and profitability. Advertising cam-
paigns could be used, for example, to change norms on nutrition
and taste and or try to reduce the use of chemical inputs. Educa-
tion on the value of increasing use of traditional varieties can be
part of these campaigns. Modification of existing primary and
secondary school curricula to include agricultural biodiversity
as an adaptive resource in biology courses is another method
of introducing new ideas into the education system (Ramirez et
al., 2009; UNORCAC, 2008) (Table 1).

Case studies compiled in the context of the Convention on
Biological Diversity indicate that empowerment and benefit-
sharing with farmers and farming communities will only take
place if additional measures accompany activities related to
access and benefit-sharing (Regine, 2005; Convention on Bi-
ological Diversity, 2010). National laws on access to genetic
resources, intellectual property and bio-safety need to form part
of the legal landscape that supports the use of traditional vari-
eties. This includes advocating that local and national govern-
ments integrate biodiversity, including agricultural biodiversity,
into their legislation on environmental impact assessment of
projects, policies, plans and programs as a method for informing
decision-making with regard to agrobiodiversity maintenance
and use (Slootweg et al., 2006; Wale, in press).
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Participatory plant breeding has been shown to help enable
farmers to influence the development of materials and technolo-
gies in ways that are informed by their specific needs, agro-
ecological environments and cultural preferences (Halewood et
al, 2007; Gyawali et al., 2007; in press). The Thai Plant Variety
Protection Act is one example of a law that includes a benefit-
sharing scheme by which those who are granted plant breeders’
rights must pay part of the monetary benefits gained through
the commercialization of the variety to a common fund which
will support Thai small farmers who conserve and use crop di-
versity. The practical implementation of the law has been very
challenging and the plant variety fund is still empty (Gagne and
Ratanasatien, in press). Benefit-sharing policies must combine
different approaches; the reality shows that conservation of crop
diversity on farm cannot rely only on levies on plant breeders’
royalties (Srinivasan, 2003).

It has been argued that true benefit-sharing involves develop-
ing mechanisms that support communities and their farming sys-
tems and thus agricultural techniques that conserve local agri-
cultural biodiversity. Farmers’ Rights implies the development
of some means of ensuring benefits flow to farmers and farming
communities either through an ownership approach or a steward-
ship approach* (Farmers’ Rights, 2010). In this context, creating
incentives and removing disincentives to enable farmers to con-
tinue their work as stewards and innovators of agricultural biodi-
versity need to be part of any benefit-sharing mechanism (Brag-
don et al., 2009). Currently, disincentives to the maintenance of
traditional varieties may be associated with various aspects or
consequences of agricultural development strategies such as 1)
alterations in land tenure systems that threaten the survival of
traditional farming communities; 2) subsidy schemes that pro-
mote exclusive adoption of uniform agricultural productions;
3) research programs that neglect traditional varieties and their
associated knowledge and uses; and 4) food standards that limit
entry of traditional farmers’ varieties and products into markets.

C. Strengthening Local Institutions and Farmer
Leadership

All approaches or activities to enhance benefits to farmers
rely on building up social capital, or the ability of men and
women farmers to develop and use social networks (Figure 1:
4¢). Social networks help farmers to obtain access to credit as
well as information and knowledge about new options and prac-
tices. Furthermore, these networks expand choices available to
each household member (Pretty, 2002; Bantilan and Padmaja
2008). Building social capital includes developing appropriate

4The ownership approach refers to the right of farmers to be re-
warded for genetic material obtained from their fields and used in com-
mercial varieties and/or protected through intellectual property rights.
The stewardship approach refers to the rights that farmers must be
granted in order to enable them to continue as stewards and as innova-
tors of agro-biodiversity. Benefit-sharing is most promising when the
point of departure is the farming communities that actually contribute
to the maintenance of plant genetic diversity benefits (Regine, 2005).
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collective management practices, which are understood as the
voluntary action that is taken by a group to achieve common
interests and property regimes (Meinzen-Dick and Eyzaguirre,
2009; Eyzaguirre and Evans, 2007). Through collective action
members of the group may act directly on their own or through
an organization, such as deciding on and observing rules for use
or non-use of a resource through coordinated activities across
individual farms. Property rights involve the “the capacity to
call upon the collective to stand behind one’s claim to a ben-
efit stream” (Bromley, 1991). Interventions to strengthen the
property rights of individuals or groups to help them participate
in collective activities can improve their bargaining positions
(Eyzaguirre and Evans, 2007). This may involve the develop-
ment of institutional mechanisms that local participants can
use to organize themselves, such as through special districts,
private associations, and local/regional governments (Meinzen-
Dick and Eyzaguirre, 2009) and better link them to policy insti-
tutions (Pretty, 2008).

Combinations of farmer innovation and empowerment, the
transformation of local government staff, and the establishment
of new farmer—governed local institutions that have equitable
links to the private sector have resulted in successful collective
action for equitable management and use of traditional crop va-
rieties (Friss-Hansen, 2008; Pretty 2008; Swaminathan, 2003;
UNORCAC, 2008) (Table 1). Pimbert et al. (2010) discusses cit-
izen juries formed by farm leaders, progressive researchers, and
NGO technicians to evaluate, deliberate, and publicly address
the equity and sustainability of conventional research systems
and initiatives in West Africa. Collective action is important
in enabling farmers to address market imperfections and trans-
action costs, such as in surmounting information, credit and
marketing constraints. Such institutions support farmer unions
and cooperatives for educating farmers in production and mar-
keting, assisting with price negotiations, collecting land taxes,
and information sharing (Caviglia and Kahn, 2001).

Diversity field fora (Smale et al., 2008), which bear some
similarity to farmer field schools (see Van der Berg and Jiggins,
2007), are becoming a new institution in West Africa which
can strengthen the capacity of farmers to analyze, manage and
improve their own crop plant genetic resources (Bioversity In-
ternational, 2008). In diversity field flora, farmers acquire both
knowledge and leadership skills through experiments that are
designed and conducted by the farmers with technical support
from project staff, to better manage and benefit from their crop
genetic resources (Bioversity International, 2009; Smale et al.,
2008; Jackson et al., 2010). The community-based biodiversity
management (CBM) approach, developed in Nepal and now
being tested in South and Southeast Asia, is a similar multi-
step process that focuses specifically on strengthening the local
decision-making and governance capacity of communities to
utilize agricultural biodiversity (Sthapit et al., 2006a; De Boef
et al., 2007). Collective action is also supported when participa-
tory plant breeding is not limited to the development of varieties
for a specific area, but becomes part of integrated community-
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based biodiversity management activities (Sthapit et al., 2008b).

It has been argued that agricultural policies are required
that build human capital (Neuchatel Group, 2007; Smale et
al., 2006). Policies that support inclusive agricultural extension
or advisory services need to go hand in hand with the pro-
cess of strengthening local institutions. Extension services have
to be more responsive to the needs of all farmers, including
women and those who are poor and marginalized (Neuchatel
Group, 2007; Smale et al., 2006). This is likely to involve pay-
ing increased attention to contextual factors in the design and
implementation of agricultural extension service programs. In
addition to the characteristics of the local communities, the types
of farming systems and the degree of market access are exam-
ples of important contextual factors that need be be taken into
account (Birner et al., 2010). In the same way it has been sug-
gested that agricultural policies need to be more gender sensitive
and designed to empower women by providing knowledge and
ensuring access and control of resources toward achieving food
security (MEA, 2005). Women have multiple responsibilities
within the household and communities but are often ignored at
all levels of decision-making.

Most studies agree on the need to improve trust and mutual
understanding across different actors and institutions (Kruijssen
et al., 2009). These studies emphasize the need for reciprocity,
obligations, and mutually agreed upon rules, which are struc-
tured and connected through groups and networks (Cramb and
Culasero, 2003; Pretty, 2008). Cultural institutions, such as wed-
dings and tea houses, are places of trust where information on
traditional crop diversity is exchanged and which could be linked
to wider support networks (Van Dusen et al., 2006). There is
potential for local institutional support and capacity building to
link individuals of different networks together through a neu-
tral party (NGO or other organization) or to both build smaller
networks that could be linked to help diffuse innovations and
messages (Granovetter, 1973). Resilience is built into agroe-
cological production systems through supporting institutions
and social-ecological networks that create flexibility in prob-
lem solving and that can balance power among interest groups
(Folke et al., 2002; Walker et al., 2002; 2010). These many dif-
ferent types of networks can be strengthened by linking them to
community-based seed production groups and to participatory
plant breeding schemes so as to capitalize on natural pathways of
seed flow. Networks can help demystify laboratory-based tech-
nologies (Kesavan and Swaminathan, 2008), provide technology
empowerment, and support literacy training, to enable farmers to
have more control over their resources (Swaminiathan, 2003).
These can be supported by knowledge empowerment actions
that take advantage of the new information and communication
technology (Kesavan and Swaminathan, 2008).

VI. CONCLUSIONS

Over the last two decades a substantial body of informa-
tion has developed on the continuing maintenance and use of
traditional varieties by small-scale farmers around the world.
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Farmers appear to find that diversity, in the form of traditional
varieties of both major staples and minor crops, remains impor-
tant to their livelihoods, despite earlier expectations that these
varieties would rapidly disappear from production systems.

No doubt the arguments about long-term trends with respect
to the continued use of traditional varieties will continue. How-
ever, there are a number of reasons for thinking that these vari-
eties will continue to play an important role for many crops in a
wide variety of production systems in the future. In addition to
the reasons such as adaptation to marginal and low input agricul-
ture, stable performance, and the socioeconomic conditions of
many small-scale farmers—who, as Lipton (2006) noted, make
up 45-60% of the rural poor—already mentioned in the Intro-
duction, farmers around the world are using traditional varieties
to help cope with climate change (Platform for Agrobiodiversity
Research, 2010). The growing concern with developing more
sustainable production systems and reducing dependence on
chemical inputs is also likely to favour the maintenance and use
of traditional varieties.

In these circumstances it seems important not only to under-
stand better the nature and contribution of traditional varieties
to the production strategies of rural communities around the
world, but also ways in which they are maintained and man-
aged. This can help in the development of ways of improving
the use of these varieties and their contribution to rural liveli-
hoods. As shown in this review, there is a rich and growing
body of information on traditional varieties, and on the prob-
lems and benefits associated with their maintenance and use.
The review has also demonstrated the importance of work that
adopts a multidisciplinary approach and emphasizes working
with farmers in collaborative ways. There remain clear gaps in
our knowledge. There is still a need to develop better indicators
and ways of monitoring diversity that are adapted for the use of
farmers, communities, and scientists. Molecular methods, which
can now provide significant additional insights into the extent
and distribution of diversity and on the ways in which it is cor-
related with important social, environmental, and management
variables have yet to be undertaken on the scale needed except
perhaps for sorghum and pearl millet in Africa (e.g. Barnard
et al., 2008; Bezancon et al., 2009; Busso et al., 2000; Deu et
al., 2008; Sagnard et al., 2008; Allinne et al., 2008). With the
rapid improvements in methods over the last decades this is now
possible on the required scale.

While each situation may appear to be unique with respect
to the amount of diversity present in the system, its distribution
and the associated biological, environmental, socioeconomic,
and cultural characteristics, it is possible to recognize general
properties which can be used to ascertain the sorts of activi-
ties that farmers, and those working with them, may find useful
in identifying ways in which traditional varieties can both be
maintained and contribute to improved livelihoods. The heuris-
tic framework presented here provides a number of overlapping
approaches and entry points for such activities. At present this
probably should be regarded very much as “work in process” as
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it is likely to be amended as further information becomes avail-
able. However, even at this stage, it is possible to draw some
general conclusions based on its application. Firstly, it is essen-
tial to develop an appropriate understanding of the extent and
distribution of diversity in a system and of how it is maintained
through local institutions and practices. Secondly, the analysis
is likely to lead to the identification of a number of comple-
mentary supporting actions. Thirdly, the success of any actions
will depend centrally on local knowledge, the strength of local
institutions and the leadership of farmers and communities.
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Organic and conventional crop management systems differ in
termsof thefertilisersand plant protection methods used. Ecolog-
ical and agronomic research on the effect of fertilization on plant
composition shows that increasing availability of plant available
nitrogen reduces the accumulation of defense-related secondary
metabolitesand vitamin C, whilethecontentsof secondary metabo-
lites such as carotenes that are not involved in defense against
diseases and pests may increase. In relation to human health, in-
creased intake of fruits and vegetables is linked to reduced risk
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of cancer and cardiovascular disease. This benefit may be pri-
marily dueto their content of defense-related secondary metabo-
lites, since most other constituents of fruits and vegetables either
are not unique to these foods or have been shown to not provide
health benefits when the intake is increased. A meta-analysis of
the published comparisons of the content of secondary metabolites
and vitamins in organically and conventionally produced fruits
and vegetables showed that in organic produce the content of sec-
ondary metabolitesis 12% higher than in corresponding conven-
tional samples (P < 0.0001). This overall difference spansalarge
variation among sub-groupsof secondary metabolites, from a 16%
higher content for defence-related compounds (P < 0.0001) to a
nonsignificant 2% lower content for carotenoids, while vitamin C
showed a 6% higher content (P = 0.006). Based on the assump-
tion that increasing the content of biologically active compounds
in fruits and vegetables by 12% would be equivalent to increas-
ing the intake of fruits and vegetables by the same 12%, a model
developed to calculate the health outcome of increasing the intake
of fruits and vegetables was then used to tentatively estimate the
potential increase in life expectancy that would be achieved by
switching from conventional to organic produce without changing
the amount consumed per day, to 17 days for women and 25 days
for men.

Keywords Organic food, secondary metabolites, plant defense com-
pounds, health benefits, meta-analysis

I. INTRODUCTION

Consumers buy organic food for a variety of reasons, one of
them being an interest to promote their own health (Schiffer-
stein and Ophuis, 1998; Bourn and Prescott, 2002; Magkos et
al., 2003; Ekelund and Tjarnemo, 2004; Yiridoe et al., 2005;
Dangour et al., 2009). The present paper reviews and analyses
the present state of knowledge regarding how organic farming
methods affect the content of secondary metabolites and vita-
mins in fruits and vegetables compared with the methods used
in conventional agriculture, and how this may affect the health
of consumers, in particular as regards the risk of cancer and
cardiovascular disease.

A. Definition of Organic and Conventional Farming in
the Present Context

The basic principles of organic agriculture are ‘health, ecol-
ogy, fairness, and care’ (IFOAM, 2005). In many countries the
procedures and inputs allowed in agriculture to produce foods
labelled as organic are defined by law, including since 1991
the EU (Council Regulation (EC) No. 834/2007 (succeeding
Council Regulation (EEC) 2092/91) (European Commission,
2007)), and since 2002 the USA (The National Organic Pro-
gram (NOP)(USDA, 2009)). Regarding fruits and vegetables,
the legal standards ban or limit the use of synthetic pesticides,
fertilisers and other nonorganic inputs and define maximum al-
lowed use of organic fertilizer, and if products are offered for
sale to the public, the producer must be certified by an approved
certifying body. Within organic agriculture each organisztion
may then define standards for its members that go further than
the legal requirements. For example, some producers adhere to
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biodynamic principles, which aim to ‘revitalise nature, grow
nourishing food and advance the physical and spiritual health
of humanity’ (Biodynamic Agricultural Association, 2009).

For nonorganic agriculture, Integrated Pest Management
(IPM), Integrated Crop Management (ICM) and similar reg-
ulated systems define their aims as to “coordinate the use of
pest biology, environmental information, and available tech-
nology to prevent unacceptable levels of pest damage by the
most economical means, while posing the least possible risk
to people, property, resources, and the environment” (Anony-
mous, 2004), while, by default, conventional agriculture aims
to maximize the return on investment within the conditions set
by environment protection legislation and customer specifica-
tions. Often these goals are not mutually exclusive, so while
the minimum standards for each system are similar across the
world, the differences in actual practices between production
systems can vary substantially in different regions. In Europe
and the United States, most fruits and vegetables are produced
using IPM/ICM systems, operated by supermarket chains, pro-
ducer cooperatives or other organisations [e.g., Assured Produce
(2008), EUREPGAP (2004)].

1. EFFECT OF PRODUCTION METHOD ON
COMPOSITION OF PLANT PRODUCTS

The composition of a fruit or vegetable is known to depend
on a wide range of genetic and environmental factors, many of
which, such as climate, ozone pollution and maturity at harvest,
are independent of the production system (Gobbo-Neto and
Lopes, 2007). Only factors that differ systematically between
organic and conventional farming have the potential to cause a
systematic difference in product composition. Such factors must
depend directly or indirectly on aspects that are universally spec-
ified in the rules and regulations defining organic farming. The
two groups of basic aspects that differ systematically between
organic and conventional farming systems are: 1. restrictions on
the use of synthetic pesticides, and 2. restrictions on the type
and intensity of fertilization.

Restrictions on pesticides has the direct effect of reducing
the content in organic products of residues of pesticides that are
allowed in conventional farming (Lairon, 2010). Those same
restrictions also indirectly affect variety choices, since organic
farmers will put more emphasis on genetic resistance when
choosing plant varieties than corresponding conventional farm-
ers. Highly resistant varieties tend to have relatively high con-
tents of defense-related secondary metabolites (Sanford et al.,
1992; Leiss et al., 2009), so if they are overrepresented among
the organic produce on the market, as indicated by some studies
on apples (\Veberic et al., 2005), it might affect the overall plant
food composition. This hypothesis would be relatively easy to
test, however, the authors are not aware of any research surveys
or other studies that have addressed it directly.

Restrictions on fertilizers directly result in a lower nitrogen
content in organic plant products compared with corresponding
conventional ones. In some cases, most commonly in cereals,
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the nitrogen content is presented as ‘protein,” based on the as-
sumption that the protein content is directly proportional to
the nitrogen content. This is however not always the case, par-
ticularly not in vegetables where a proportion of the nitrogen
occurs as nitrate. However, the difference in availability of plant
available nitrogen also has a range of indirect effects, due to the
effect of nitrogen on plant metabolism and physiology, which
systematically affect the contents of some vitamins and plant
secondary metabolites, as detailed in the following section.

A. Ecological Background for Differences in
Composition

Extensive studies, reviewed e.g., by Koricheva et al. (1998)
and Stamp (2003), have explored how nutrient availability af-
fects secondary metabolism of plants in the context of ecol-
ogy, the science of the relationships between organisms and
their environments. Increased fertilisation with nitrogen (under
nitrogen-limited conditions) causes a reduction in the content
of phenolic compounds in the leaves, and this reduction has
been shown to match models of trade-off between growth and
defence (under conditions where no pesticides are used). Under
the conditions prevailing in most natural environments, when
plants gain access to an increased supply of nutrients, the opti-
mal improvement in fitness is achieved by using these additional
resources for increasing the growth rate, rather than for accu-
mulation of phenolic defense compounds (de Jong, 1995).

B. Effects of Fertiliser Dose on Contents of Secondary
Metabolites and Vitamins

Experiments with crops exposed to different intensities of
fertilization have shown similar effects as in natural environ-
ments (Norbaek et al., 2003; Gayler et al., 2004; Toor et al.,
2006; Palit et al., 2008; Sousa et al., 2008; Flores et al., 2009a).
Recently, a different line of research has developed ‘a systemic
approach monitoring the response of plants to withdrawal and/or
re-supply of mineral nutrients at the level of transcripts, metabo-
lites and enzyme activities” (Fritz et al., 2006; Amtmann and
Armengaud, 2009). The results, that removal of N-fertilizer in-
creases the content of phenylpropanoid defencs compounds,
but not carotenes, are broadly in line with the plant-level exper-
iments, confirming that they reflect common or even universal
patterns of metabolic regulation, probably evolved to provide
optimal responses to natural fluctuations in nutrient availability.

Both approaches indicate that in an agricultural context a
decrease in nitrogen availability to the plants will result in in-
creased content of phenolic defense compounds, which then
increases the resistance of the plants to pests and diseases, al-
though at the cost of a lower growth rate and therefore in a lower
yield (Brandt and Molgaard, 2001).

Some authors have also suggested that the absence of pro-
tection from pesticides would result in initially higher rates of
attack by pests and pathogens in organic plants compared with
corresponding conventional ones, triggering the formation of
induced defense compounds, which then subsequently protect
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the plant against diseases or pests (Bourn and Prescott, 2002;
Young et al., 2005). However, studies into the protein expression
profiles of potatoes grown in a factorial long-term experiment
set up as part of the Quality Low Input Food project (FP6-
FOOD-CT-2003-506358) showed that differences in the tuber
composition were mainly linked to differences in fertilisztion
rather than crop protection regimes between organic and con-
ventional systems (Lehesranta et al., 2007). Approximately 14%
of proteins were differentially expressed when potatoes grown
under conventional mineral fertilization were compared with
potatoes fertilized with composted manure-based organic fertil-
ization regimes in this study. Also in another study where the
hypothesis was tested experimentally, by using factorial com-
binations of organic and conventional fertilizers and pesticide
regimes under greenhouse conditions with low pest load, all the
differences in content of secondary metabolites were due to the
fertiliser treatments, with no effect of the pesticide treatments
(Zhao et al., 2009).

In the context of conventional agriculture, studies of fertiliza-
tion doses have rarely included measurements of the contents of
secondary metabolites, since most studies of plant composition
have focused on nutrients. However Gayler et al. (2004) found
similar effects as in the ecological studies performed in natural
rather than agricultural environments. In contrast many studies
show that increased fertilization tends to reduce the contents of
ascorbic acid (vitamin C), as reviewed by Lee and Kader (2000)
as well as increase the content of beta-carotene (which can
be converted into vitamin A) (Mozafar, 1993). For secondary
metabolites that are neither nutrients nor defence related, such
as colorants or (some) volatiles, only few data on the effect of
fertilisation are available, and no clear pattern is described.

Given that yields in organic systems are usually significantly
lower than in conventional production, it appears that the yield
reduction and changes in composition caused by the restric-
tions in fertilizer use are directly linked. If so, future improve-
ments in organic production methods (e.g., improved fertiliza-
tion regimes), which would allow farmers to achieve higher
growth rates (yields), may also result in more similar prod-
uct compositions between organic and conventional products,
as suggested by Brandt and Mglgaard (2001) and Benbrook
(2007). However, the temporal nutrient release patterns from
mineral fertilizers differ significantly from those of organic fer-
tilizers, mainly because macro- and micro-nutrients in organic
fertilizzers only become plant available after mineralization by
the soil biota (Lambers et al., 2009). Contrasting relative avail-
ability pattern throughout the growing season may therefore
result in differences in composition even at similar yield levels.

II.  PLANT FOODS AND CONSUMER HEALTH

A. Research on Organic Foods in Relation to Consumer
Health
The studies comparing nutrient content of organic and con-
ventional foods have been extensively reviewed (e.g, Woese
et al., 1997; Heaton, 2001; Worthington, 2001; Bourn and
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Prescott, 2002; Gennaro and Quaglia, 2002; Williams, 2002;
Magkos et al., 2003; Winter and Davis, 2006; Rembialkowska,
2007; Benbrook et al., 2008; Dangour et al., 2009; Lairon,
2010).

While most of these reviews described systematic differences
in composition, only very few of them attempted any assessment
of the relevance of these differences for population health. Com-
pared with conventional high-input production, in cases where
there are differences in composition, organic plant foods tend to
show higher levels of vitamin C, less nitrate, less total protein,
higher levels of plant secondary metabolites (phytochemicals),
lower contamination with mycotoxins and pesticide residues
and a higher proportion of essential amino acids in the protein.
However, it is also emphasized in most reviews that for any
one nutrient most studies show no significant differences, and
that these differences are not sufficiently consistent to predict
the content in a food, based on knowledge about its production
system.

Another general observation emphasised in most of the re-
views is that many other factors affect the concentrations of all
these nutrients, and often by much more than the production
system. For example, for most compounds studied the vari-
ation from year to year or from variety to variety has much
greater effect on the content than whether the plant is grown
in an organic or conventional production system. Depending
on the context of the review, and on whether it addresses the
interests of the individual consumer (‘value for money’) or the
nutritional status of a population, but seemingly irrespective
of whether the review was purely qualitative (Woese et al.,
1997; Bourn and Prescott, 2002; Gennaro and Quaglia, 2002;
Williams, 2002; Magkos et al., 2003; Winter and Davis, 2006;
Lairon, 2010) or included a more or less systematic quantitative
element (Heaton, 2001; Worthington, 2001; Rembialkowska,
2007; Benbrook et al., 2008; Dangour et al., 2009) the range of
interpretations of the limited experimental data is remarkably
wide, from ‘crops are significantly different’ (Heaton, 2001) to
‘no evidence for a difference’ (Dangour et al., 2009). In most
cases the authors of the reviews then conclude that more studies
are needed before it is possible to make any firm conclusions
about the potential consequences of any differences for human
health.

B. Effects on Health of Fruits and Vegetables and Their
Constituents

In developed countries such as the UK, the majority of the
population obtain sufficient or more than sufficient amounts of
vitamin C, minerals and protein, and if any widespread defi-
ciencies are identified, fortification programs are established to
alleviate them (Hoare et al., 2004). Of the few people who are
deficient in nutrients that are present in substantial amounts in
vegetables and fruit, most eat next to nothing of these foods,
so these population segments would not benefit from increased
concentrations of these nutrients in the produce. The intake sur-

K. BRANDT ET AL.

vey data are supported by intervention studies with vitamin C
and other vitamins and carotenoids common in plants, which
show either no effect or an increase in the risk of diseases such
as cancer (Gaziano et al., 2009; Lin et al., 2009) or cardiovas-
cular disease (Bjelakovic et al., 2008).

Still, many studies show negative associations between the
intake of fruits and/or vegetables and the risk of cancer (Lin-
seisen et al., 2007; Murthy et al., 2009) or cardiovascular disease
(Dauchet et al., 2009), indicating a preventive role of these foods
that cannot be explained merely by the supply of vitamins. Such
studies form the basis for methods developed to estimate the
effect on public health of factors that change the intake of fruits
and vegetables (Veerman et al., 2006).

In contrast, in low-income populations, mainly in develop-
ing countries, vegetables and fruits are important sources of
essential vitamins, minerals, and high-quality proteins in short
supply in the population’s diet, so for them the content of nu-
trients in vegetables and fruits are important for health (Ali and
Tsou, 1997). Vitamin C and vitamin A deficiency are common
in some developing countries, and here an increase in concen-
trations would be beneficial for health. However, we found no
studies that compared the vitamin C or beta-carotene contents in
organically produced vegetables with the contents in vegetables
from the low-input “subsistence” agriculture, which shows crop
yields that are lower than on comparable organic farms (Badg-
ley et al., 2007), and provides most of the vegetables and fruits
that are available for the poorest populations. Due to this, the
present review is only discussed in relation to the nutritional sit-
uation in more affluent populations, where most of the fruits and
vegetables originate from commercial horticultural production.

C. Choice of Topics for More Detailed Analysis

The present review focuses on secondary metabolites and
vitamins in fruits and vegetables including herbs. These two
relatively well-defined (although partially overlapping) groups
of compounds represent a large proportion of all the available
data on compositional differences between organic and conven-
tional foods, while for most other groups of compounds, only
a few comparable studies are available for each. The secondary
metabolites and vitamins are often considered the main benefi-
cial components of vegetables and fruits (Brandt and Mglgaard,
2001; Brandt et al., 2004). To some extent this view is deduced
by elimination, since for most other nutrients in plants, such as
minerals and proteins, fruits and vegetables are not the main
dietary sources and therefore they cannot be responsible for the
above-mentioned health benefits of this food category. The two
other groups of dietary constituents where fruits and vegetables
are the primary dietary sources are pesticide residues and nitrate.

Regarding pesticide residues, despite well known harmful
effects at elevated exposure levels (Brandt, 2007; Lairon, 2010)
to the best of the authors’ knowledge, no published studies have
shown any unequivocal health benefits nor detrimental effects of
the pesticides currently licensed in Europe at the levels normally
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found in fruits and vegetables, possibly because the benefits of
consumption of these foods tend to outweigh potentially nega-
tive effects of the pesticide residues in them (Juhler et al., 1999).
So even for a very substantial relative difference in content, it
would be difficult to estimate any consequences for consumer
health.

Regarding nitrate, as mentioned above, the difference in con-
tent between organic and conventional produce can be seen as a
direct consequence of the restrictions on fertilizer use in organic
farming, and is mentioned in most reviews of the topic (Woese
etal., 1997; Bourn and Prescott, 2002; Williams, 2002; Magkos
et al., 2003; Winter and Davis, 2006). Several reviews have re-
ported estimates of the difference in nitrate content between or-
ganic and conventional products: 16% with P = 0.19 (Dangour
et al., 2009); difference in 14 of 16 studies (Heaton, 2001); ap-
proximately 50% (Lairon, 2010); 49% (Rembialkowska, 2007),
and 15.1% with P < 0.0001 (Worthington, 2001). However,
while an increasing number of studies indicate that and how
plant-derived nitrate may provide significant benefits for human
health (McKnight et al., 1999; Lundberg et al., 2008), quan-
titative data on consequences for health of the consumer are
scarce and controversial, and some data are being published in
support of the view of nitrates as a health hazard, e.g., Winter
et al. (2007), which forms the basis for the present restrictive
standards (Santamaria, 2006). Due to this, while acknowledg-
ing that the difference in nitrate content exists and is likely to
be important for health, the present review will not attempt to
address the magnitude of the difference in nitrate content nor
the potential impact on human health.

Regarding primary metabolites, such as sugars, simple or-
ganic acids, proteins, and minerals, there is very little if any
information in the literature on what effect a (modest) differ-
ence in intake might have on health. For these compounds there
is also no clearly defined background information that would
allow predictions of how the differences between the produc-
tion systems will affect the content in the plants, so it would
not be possible to compare any effects on content with the bi-
ological mechanism or at least selection pressures involved. As
for nitrate, this is something that it might be relevant to return
to, once the relevant background knowledge linking intake and
health outcomes has been established.

IV. META-ANALYSIS OF DIFFERENCES IN CONTENTS
OF SECONDARY METABOLITES AND VITAMINS IN
FRUITS AND VEGETABLES

To assess the (potential) effect on consumer health of differ-
ences in composition between organic and conventional plant
foods, it is necessary to estimate the magnitude of this differ-
ence. This can be done using the method of meta-analysis, where
data from different studies are combined to improve the ability
to detect and quantify effects of systematic factors, irrespec-
tive of randomly occurring factors such as climate, soil type, or
variety.
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A. Methods

Papers were identified through an initial search of the liter-
ature using the search terms “(organic* or ecologic* or biody-
namic*) and (conventional* or integrated) and (fruit* or veg-
etable* or strawberr™ or apple* or spinach or carrot* or pea* or
lettuce or currant* or cherr* or potato* or cabbage* or banana*
or tomato*)’ with Web of Science, for the period January 1992
— October 2009. This provided 2,512 references, where titles
and (if available) abstracts were checked, to extract 84 studies
reporting original data of comparisons of vitamins or secondary
metabolites of fruits, herbs, and vegetables grown using or-
ganic and conventional methods, as well as eight reviews of the
topic. Further hand searches of reference lists of reviews and
original papers provided 34 additional references. Of these 118
references, 11 were unavailable and five turned out to contain
‘duplicate’ data from the same experiment and year(s), leaving
102 separate relevant papers. In two cases sets of papers were
partial duplicates, where one paper reported the first year of a
trial and another paper the average of two or three years.

Each paper was graded for a range of criteria (Tables 1 and
2) to determine their relevance for the study. As recommended
by Englund et al. (1999), the criteria for inclusion and exclusion
were examined critically to avoid unnecessary loss of statistical
power due to unconscious bias.

The retained criteria related to the experimental design rather
than to the general scientific quality of the paper, although some
papers of low general quality still had to be excluded because
the method description was not sufficiently detailed to determine
all critical aspects of the design. Specifically, conference pro-
ceedings and other non-reviewed publications were included
with the same weight as articles in peer-reviewed journals,
if the description of the experimental design was sufficiently
clear and detailed to assess that the design was appropriate.
The criteria for inclusion (Table 2) were as recommended by
Harker (2004): appropriate experimental treatments; relevance
of the organic/conventional practices used; that the same vari-
eties were used in both systems; and that products from both
production systems were grown in (approximately) the same
location.

Regarding experimental treatments, the description had to
be sufficiently detailed to allow assessment of the other criteria;
the plant product should be a food or drink or raw material
for such products, and if processed, the processing methods
should not differ between organic and conventional samples;
the sample size and sample preparation should meet minimum
standards comparable to the requirements for publication in
a low-impact journal, defined as that a sample should contain
material from at least three separate plants or five randomly
chosen fruits or vegetables, e.g., as a comparable amount of
product by weight, and represent all of the edible part of the
product (with or without edible peel/skin/pomace if relating
to a product that does not necessarily contain these parts), and
that the sample preparation should not include steps appearing
to severely degrade the compound in question.
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Regarding analytical methods, we did not require a detailed
description, but we checked whether the values found were of
the same order of magnitude as normally seen for the type of
compound and species of plant, in particular for papers where
methods were not described in detail. However, the only major
deviation observed was in a paper with a detailed and appropri-
ate method description (Sousa et al., 2005) (Table 1). These data
were therefore retained in the analysis, since the out-of-range
values were considered most likely to result from a simple scal-
ing error that would affect all data within the study by the same
incorrect factor, and therefore have no influence on the ratio of
the values within the study.

Regarding relevance of the organic/conventional practices
used, relevance of the organic was assessed by requiring at
least one of three forms of documentation; 1. that input lists
in the method description conformed to the requirements of
Regulation (EC) No. 834/2007 or its predecessors; 2. that the
growing location was certified; or 3. that the statement that a
treatment was organic was made in a place (e.g., EU or USA)
and time (>1992 or >2002, respectively) where it would be
illegal to designate something as organic if it did not conform
to the relevant regulations (Table 1).

Regarding relevance of the conventional treatment: where
more than one form was included, only the data from ‘conven-
tional’ treatments were used at the expense of ‘integrated’ or
‘soilless,” based on the assumption that where these systems
are the norm, they would not be contrasted with something else
called ‘conventional.” Where only one form of nonorganic treat-
ment was used, this was considered the ‘conventional,” unless
indications were present that this was not the authors’ intention.
It is recognied that both organic and conventional crop man-
agement methods change considerably with time, so data from
crops grown before 1992 were not included, to ensure that the
results are relevant for the present situation.

For varieties, the variety name was required, since providing
only the botanical cultivar classification such as ‘white cabbage’
or ‘Brassicaoleraceacv capitata,” which may include any white
cabbage varieties, was not considered sufficient to control this
variable. Growing conditions were accepted as being the same
if the paper included some statement indicating that provision
of similar climate and soil type was taken into account in the
selection of growing sites.

Among included papers, further quality criteria were defined
(Table 1) relating to the number of replications and type of study,
however these criteria were not used for weighting, and are pre-
sented here mainly to illustrate the wide range of designs among
the studies, and the potential for future more detailed studies of
the effect of study design on outcome. Generally, replicated
field trials are considered the “‘gold standard’ for plant produc-
tion experiments, because they allow full control of many of the
confounding factors such as soil type and quality, plant geno-
type and (micro-) climate. However, they are costly and difficult
to manage, in particular for treatments that must be established
several years before a test can take place, as for comparisons of
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organic and conventional production systems. Even replicated
field trials are susceptible to certain forms of inadvertent bias,
for example if the crop does not mature at the same rate in each
treatment or the trial’s technical manager has less prior practical
experience with one system than with the other, in particular if
this manager does not have a background in commercial farm-
ing operations. Other options are farm trials and surveys, where
farmers using already established different production systems
grow a crop as part of their normal crop rotation. Here “farm
trials’ are defined as studies where the investigator has influence
on the crop and its cultivation, e.g., provides the seed and/or de-
fines variables such as sowing dates, while ‘farm surveys’ rely
on the purchase of material resulting from the normal activity
of the farm. Farm trials and surveys can be paired (comparing
farms or fields located near or even adjacent to each other to
minimise differences in soil type and climate) as well as repli-
cated, and well-designed farm-based studies can therefore in
some cases provide more accurate estimates of the effects of
commercially relevant production systems than field trials, de-
spite less precision due to greater effect of random differences
between experimental units. Surveys may also be conducted at
the retail stage (‘shopping basket surveys’), but while for some
crops it would hypothetically be possible to purchase organic
and conventional material of the same variety and produced in
the same general area, in the present study no publications of
shopping basket surveys were identified that met these criteria
(Tables 1 and 2).

Based on best practice in meta-analyses of ecological ex-
periments (Osenberg et al., 1999), studies carried out in differ-
ent years/growing seasons were considered independent, while
replications of variety, place/farm pair and harvest time were
considered not independent. So for each study, where possi-
ble, data were presented as averages of all comparable data
within a species, compound and year/growing season. When
data were reported as averages of several years, an attempt was
made to obtain the data per year/season from the authors. Data
from noncomparable samples were excluded from the calcula-
tion of averages, for example for a variety found only in one
production system but not in the other. For post-harvest treat-
ments, only data from the most freshly harvested treatment was
used, partly because the present review focuses on the effect
of the production phase, and partly since post-harvest con-
centration changes often are nonlinear and it therefore would
be difficult to devise a consistent method for calculation of
a meaningful average value across several durations of post-
harvest storage.

Within a study and year/growing season, the data for each
reported secondary metabolite or vitamin were recorded on fresh
weight basis if reported (or possible to calculate), otherwise on
dry matter basis. Regarding the number of different compounds
measured within a class, it was observed, as noticed before
(Benbrook et al., 2008), that this differed substantially among
the publications, in particular in terms of detail, in the sense that
some studies would report a wide range of different compounds
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FIG. 1.
The vertical line indicates 100% (where the concentrations are equal).

within a class of compounds, while others would report only the
total of all compounds measured within a class. This may reflect
efforts by authors to analyse as many compounds as possible
in order to try to find a significant difference, and therefore
poses a potential risk of inflating the effect size. The method
chosen to (at least partially) alleviate this issue was that if the
paper reported more than six different secondary metabolites,
the contents of the members of groups of compounds were
added up to fewer figures according to the following criteria
(listed in order of priority): 1. Closely related structures such
as isomers of the same compound; 2. Glucosides of the same
aglycon; 3. Compounds of the same compound class present at
similar levels. In this way each study could provide a maximum
of six data pairs (organic compared with conventional) per plant
species and year/growing season. Where available, data on dry
matter content were also collected for each year/growing season
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Graphical representation of the distribution of ratios of content in organic and conventional fruits and vegetables, for different categories of compounds.

and plant species. Data presented only in graphical form were
read off the graphs by hand (after appropriate enlargement) using
aruler, except for one dataset (Stracke et al., 2009a) where this
was not practically feasible because the graph was shown only
on a logarithmic scale.

Each pair of values was used to calculate the ratio, as the con-
tent in the organic sample in % of the content in the conventional
sample. The compounds were grouped into seven groups accord-
ing to a combination of chemical structure and their function
in the plant: 1. Total phenolics (as measured using the Folin-
Ciocalteu method); 2. Phenolic acids; 3. Other defense com-
pounds (tannins, alkaloids, chalcones, stilbenes, flavanones and
flavanols, hop acids, coumarins and aurones); 4. Carotenoids; 5.
Flavones and flavonols; 6. Other non-defense compounds (com-
prising mainly anthocyanins and volatiles); and 7. Vitamin C.
The values used were as reported in the study, or calculated
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arithmetic averages of several reported values from a study.
Information on confidence intervals or other statistical data were
not used for the meta-analysis, and therefore also not used as a
criterion to select studies to include.

Since, as reported by Woese et al. (1997) and Heaton (2001),
dry matter content tends to be higher in organically grown
plants than in comparable conventionally grown ones, Bourn
and Prescott (2002) recommended to express measured values
on fresh matter basis. Expression of nutrient content on fresh
matter basis is common practice in the area of human nutrition
(Food Standards Agency, 2002), because it is generally assumed
that humans will consume a constant number of portions of a
set weight or volume, so the amount of a vegetable or fruit
consumed by humans does not depend critically on dry mat-
ter content (although the authors have not been able to locate
any literature reporting to have tested this assumption experi-
mentally). In contrast, both in animal nutrition research and in
ecological research it is customary to express nutrient content
on dry matter basis or energy basis, illustrating an interesting
barrier to cross-disciplinary research. From the 67 data pairs for
which values for dry matter content was available, an average
value for the difference in dry matter content was calculated
as the ratio of dry matter content in the organic samples di-
vided by dry matter content in the conventional samples. For
those sets of data that were reported only on dry matter basis,
the ratios were then adjusted by multiplying with the average
difference ratio. The table of extracted values is available on
the website of the project ‘Meta-analysis of data on compo-
sition of organic and conventional foods’ (MADOC) (http://
research.ncl.ac.uk/madoc/).

To calculate significance and magnitude of differences in
contents of the compounds, the ratio (in %) was In-transformed,
and the transformed values were used to determine if the arith-
metic average of the In-transformed ratios were significantly
different from In(100), using resampling (Hedges et al., 1999).
Back-transformation of these average values provided an esti-
mate of the average difference in content between the systems
(Table 3). None of the data points differed so much from other
points in the same group that there was a need to exclude outliers
(see Figure 1). Despite most of the distributions deviating sig-
nificantly from a normal distribution, for comparison with other
meta-analyses significance was also calculated using a z-test, as
well as the average and ¢-test significances for the normalised
differences as used by Worthington (2001) and Dangour et al.
(2009) (Table 3).

B. Results and Discussion

Of the 102 papers initially identified as relevant, 65 papers
met the inclusion criteria, while 37 papers were excluded (Tables
1 and 2). The analysis of secondary metabolites resulted in 275
data pairs, of which 212 were reported on fresh weight basis,
while 63 data pairs were provided on dry matter basis. (Table
3, and supplementary material online). For vitamin C, 83 of 86
data pairs were on fresh weight basis.

191

The average dry matter content of the organic material was
103.4% of the corresponding conventional material, with P =
0.006 or P = 0.0017 for the significance of this difference,
using a r-test or re-sampling test, respectively.

The average differences and significances for each group of
compounds are given in Table 3, and illustrated graphically in
Figure 1. For vitamin C and all groups of secondary metabolites
other than carotenes and the other ‘non-defense compounds,’
anthocyanins, tocopherols and volatiles, the average content
in organic plant material were higher than in the correspond-
ing conventional samples. The secondary metabolites appear to
group in three categories corresponding to the functional divi-
sions. The first category comprises defense-related compounds,
represented by phenolic acids (group 2) and other defense com-
pounds (group 3) as well as the less well-defined ‘total phe-
nolics’ (group 1), which show substantially higher contents in
organically grown plants than in conventional ones. The second
category consists of flavones and flavonols (group 5) and other
non-defense-related compounds mostly involved in signalling
(color, scent) (group 6), where the differences in content be-
tween organic and conventional produce is only slightly higher
than the difference in dry matter content, although this still re-
sults in a significant difference when calculated on fresh weight
basis. Vitamin C, while not a secondary metabolite, shows a
similar distribution. The last category are the carotenes (group
4), where it appears that organic products tend to have lower
content than the conventional, although the difference was not
significant in the present dataset, also not if calculated on dry
matter basis (data not shown).

In relation to the ecological relevance, the relatively strong
effect for defence related secondary metabolites compared with
non-defense-related compounds is completely in line with the
theoretical considerations (Stamp, 2003), and matches the ef-
fects seen in woody plants, which have been extensively studied
in this regard (Koricheva et al., 1998; Gayler et al., 2004). To
the best of the authors’ knowledge, the difference in dry matter
content between plant material from organic and conventional
systems has not been described in the context of ecology or
plant physiology, so no explanations or even speculations about
the physiological relevance are found in the literature. Scattered
data indicate that this may also be a general fertilizer-related
effect (Kaack et al., 2001; Norbaek et al., 2003), however, it
appears that most studies in ecology or plant physiology have
not included data on dry matter percentage in their reporting,
and therefore not allowed assessment of this effect.

Regarding the risk of bias, in particular publication bias and
other forms of unbalanced selection of data, the present study
did not attempt to quantitatively assess possible relations be-
tween study quality and outcome. However, one indication can
be found in the distributions of groups of compounds shown
in Figure 1. For the defense-related compounds (1a), there is
no indication of a dip around 100% (which would have been
expected if lack of significant differences reduced the chance
of publication), while this cannot as clearly be ruled out for the
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non-defense compounds. Another more important indication is
the substantial differences between the distributions of groups
of compounds with different functions in the plants. Many re-
searchers working on food quality and production systems are
familiar with the concept of a relatively high water content
in conventional/fast-growing plants, and correspondingly lower
content of all other compounds. So this effect, which explains
approx. a third of the overall average difference found, could be
supported or even caused by a bias towards publication of stud-
ies showing the expected results. In contrast, comparatively few
researchers in this area are aware that the defence compounds
(some of which are considered ‘toxicants’ and therefore unde-
sirable in food) would be expected to be affected differently by
differences in growth conditions than non-defense compounds
(or even which compounds belong to each of these classes).
So the much greater difference between production systems in
the content of defense compounds compared with non-defense
compounds is unlikely to reflect expectations of researchers or
reviewers in the area, indicating that it is much less likely to be
caused by bias and thus probably a genuine effect of the grow-
ing conditions. Finally, a bias could be caused by researchers
more or less intentionally selecting what they considered the
best items when they were collecting samples from the system
that they believed to be best, and the worst items from the other
system. However, since the low content of secondary metabo-
lites are associated with slower growth, a comparison of the
largest fruits or vegetables in an organic batch with the smallest
from a conventional batch would result in a smaller difference
between the compositions than an unbiased selection, while
a bias favoring conventional products would increase the dif-
ference. In conclusion, it appears to the authors that the most
obvious potential forms of bias are unlikely to account for a
substantial part of the observed differences, in particular for
the defense-related compounds, although this is a question that
warrants more detailed analysis in future research.

V. CONSEQUENCES FOR HUMAN HEALTH OF
CONSUMING ORGANIC FRUITS AND VEGETABLES
A definitive assessment of the consequences for human health
of consuming organic fruits and vegetables would require an in-
tervention study of immense dimensions and cost. One of many
steps before embarking on such a challenge is to estimate the
likely outcome under as precise as possible assumptions about
the mechanisms and magnitudes of effects. The calculations
below provide such an estimate, and also point out which as-
sumptions it is based on.

A. Systematic Differences Versus Random Variation

A wide range of external factors influence the composition
of plant products, and most of them have much greater effects
than the production system effect seen here. Varieties often
differ by factors of 2 or 3 in the content of various secondary
metabolites (Schindler et al., 2005; Kreutzmann et al., 2008)
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and weather/ climate conditions can cause similar variation, as
seen when comparing data from different years of the same
study (supplementary material online).

Compared with this, the relatively small effect of produc-
tion system might seem unimportant. However, compared with
differences due to climate and soil, which cannot easily be con-
trolled, and differences between varieties, which appear to be
random and show no trends across different species, the differ-
ence in the content of secondary metabolites between organic
and conventional fruits and vegetables is systematic and control-
lable. The difference in content of secondary metabolites is not
sufficiently systematic to be used as a tool for authentication of
organic origin, since despite a highly significantly higher aver-
age content in the organic samples, in 32% of the data pairs the
conventional product had the largest or same value as the organic
one (Figure 1). Still, because the production system appears to
affect the content of all of the classes of secondary metabolites
apart from carotenoids, it is likely that it also affects the largely
unknown compounds that are responsible for the health benefits
of consumption of fruits and vegetables.

B. Magnitude of Impact on Consumer Health

If a person changes from consuming exclusively conven-
tional fruits and vegetables, to choosing the organic versions
of the same products in the same amounts, the intake of all
secondary metabolites will increase by approx. 12% (Table 3).
From a health perspective, for the reasons provided in section
IIC, it is a reasonable assumption to expect that this would
correspond to an increase in the consumption of these foods
by 12%. If assuming that the effect is more specifically due to
defense-related secondary metabolites, the increase would be
even higher, such as 16%. So to set the differences in content in
perspective, the question is, how much would such a modest in-
crease in fruit and vegetable intake actually matter for consumer
health?

This question has been addressed by Veerman et al. (2006),
who developed a model to estimate changes in life expectancy
caused by changes in fruit and vegetable intake, in relation to
assessment of EU policies influencing consumption of vegeta-
bles and fruit. The model includes a scenario where an increased
intake due to a policy change is proportional to the intake before
the change. If there is no change in intake on a g per day basis,
and the health impact solely is due to a higher content of the
health-beneficial compounds in the food, then the increase in in-
take of health promoting compounds will be proportional to the
habitual intake of fruits and vegetables, so this variant of their
model corresponds to a hypothetical situation where consumers
change from conventional to organic fruits and vegetables, with-
out changing anything else in their diet or lifestyle. The formula
estimated that under these assumptions, in the Dutch population,
an increase in the intake of fruit and vegetables of 1.8% would
increase life expectancy by 2.6 days for women and 3.8 days for
men (Veerman et al., 2006). The figures will be slightly different
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in other populations with different disease patterns and habitual
diets. Under the same assumptions, the 12% increase caused
by switching to organic fruits and vegetables would correspond
to an increase in life expectancy of, on average, 17 days for
women and 25 days for men. To put this in perspective, screen-
ing for breast cancer has been calculated to provide an average
increase in life expectancy of 35 days (Bonneux, 2003), which
at the level of the entire population can be considered to be of
similar magnitude. Or as another comparison, being overweight
by 25 kg will reduce life expectancy by three years (Whit-
lock et al., 2009), so the 17 days increased life expectancy for
women could be described as comparable to the health benefits
of a weight loss of 390g, with 570g as the corresponding value
for men. This comparison may be particularly relevant, since a
likely mechanism for the benefit of increased consumption of
vegetables and fruits is the potential ability of defense-related
secondary metabolites such as resveratrol to mimic the effect
of caloric restriction (Brandt and Mglgaard, 2001), a hypothe-
sis that has subsequently been supported experimentally (Baur
and Sinclair, 2006). This effect corresponds with the ecological
function of many of these defense compounds to act as anti-
nutrients, making the plant material less attractive to herbivores
by reducing their ability to utilize nutrients, thus restricting ef-
fective nutrient intake of those who consume foods containing
these compounds. It also leads to the interesting possibility that
consumers of organic fruits and vegetables may achieve the in-
creased lifespan as a consequence of a corresponding weight
loss (or lack of weight gain), which many would consider an
added bonus.

The calculations behind these estimates depend on estimates
of the relative risks of disease incidences according to fruit and
vegetable consumption, most of which are known only with
substantial uncertainty (Veerman et al., 2006). It would have
been particularly useful to be able to relate the compositional
data to more relevant measures of quality of life than simple life
expectancy, such as life expectancy after 60 years of age, but
such data were not available. Still, by integrating the available
data in this way, and identifying the key sources of uncertainty,
research can be focused on studies to reduce this uncertainty and
thus refine the validity and accuracy of the estimates of benefits.

VI. CONCLUSIONS

The amount of data on compositional differences between or-
ganically and conventionally produced fruits and vegetables is
now sufficient to not just detect significant differences, but also
estimate their magnitude with reasonable precision. The ob-
served differences are that the content of secondary metabolites
is approximately 12% higher in organic produce than in cor-
responding conventional samples, with a larger difference for
defense-related compounds and no difference for carotenoids.
This corresponds with the predictions from ecology and fertil-
izer studies, indicating that the differences in content primarily
are caused by the differences in fertility management between
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the systems. If secondary metabolites are responsible for the
health promoting effect of consumption of fruits and vegeta-
bles, then this means that switching to organic produce will
benefit health as much as a 12% increase in intake of fruits and
vegetables.
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EDIBLE AND TENDED WILD PLANTS

REFERENCES

Humans the world over have depended on wild-growing plants
in their diets for hundreds of thousands of years, and many peo-
ple continue to rely on these species to meet at least part of their
daily nutritional needs. Wild harvested plant foods include: roots
and other underground parts; shoots and leafy greens; berries and
other fleshy fruits; grains, nuts and seeds; and mushrooms, lichens,
algae and other species. Use of any of these species requires spe-
cial cultural knowledge regarding harvesting, preparation, cooking
and other forms of processing. Many were, and are, prepared and
served in mixtures or combinations. In most cases, too, the species
are managed, tended or manipulated in some way to increase their
productivity and availability. Many of the most widely used species
are categorized as weeds—species that grow and reproduce readily
in disturbed or cleared land, and are common around human set-
tlements and agricultural areas. This paper presents case examples
of edible wild plant use and the roles of these species in agroecosys-
tems from different parts of the world and discusses similarities
and differences in use across different cultures and segments of
society.

edible wild plants, foraging, edible weeds, root vegeta-
bles, wild berries, wild greens

Keywords

I. INTRODUCTION

Humans have depended on edible wild plants, along with
diverse wild insects, birds, fish, and mammals and their products,
for the vast part of our history. Between approximately 20% and
30% of the plants on the planet (ca. 280,000 described species)
and possibly 30% to 50% of mushroom species have some parts
that have been eaten or that have been assumed to be palatable
and edible (e.g., providing nutrients and generally assumed to be
safe for consumption). As well, most small or very small animals
such as invertebrates have been considered edible, especially in
the tropics. But it is not true that all invertebrates are edible or
have been chosen as food. Humans vary considerably in their
food choices. For example, different human groups living in
similar or only slightly different environments—especially in
the tropical forests and savannas such as in Alto Orinoco, but
also in rural areas—utilize quite a different basket of species.

These differences have been explained from territorial differ-
ences and different levels of availability of foods, and extreme
biodiversity. These arguments, however, though valid, do not
provide the overall explanation. In most cases the landscapes
utilized by different ethnic groups for foraging are quite sim-
ilar, and the different choices of species for food can be due
to necessity or opportunity rather than through conflict in re-
source adoption across different groups. In addition, an attitude

is suggested to allow choices from the potentially available bio-
diversity of a set of species that are acceptable within a group
and have acquired status within small human communities over
time (Paoletti, 2005; Paoletti and Dufour, 2005).

Here we have collected worldwide ideas about the assem-
blage of plants from the wild that are traditionally collected
especially by local traditional communities in rural, forested,
wetland, and montane areas. These species might be considered
as “wild edibles” only if they are being collected without par-
ticular manipulation. In reality, however, as Posey (Posey and
Plenderleith, 2004; Paoletti, 2004; Malaisse, 1997) and many
other researchers (e.g., Anderson, 2005; Deur and Turner, 2005;
Minnis and Elisens, 1999) have documented, most activities of
hunter collectors (and horticulturists) in the Amazon and many
other parts of the world, including temperate regions, include
direct or indirect manipulation of resource species and habi-
tats. Relying on their accumulated traditional knowledge and
observations, indigenous people attend to many key plants and
insects, such as ants, producing a sort of semidomestication
or paradomestication process (i.e., caring for and promoting in
situ) that is underway in most cases even if difficult to character-
ize. In addition, many semidomesticated crops are only locally
known and would need more selection and genetic work to be
promoted as domesticated crops (NAC, 1989).

Only within the last 10,000 years or so have we started to fo-
cus on domestication—genetically altering species significantly
from their wild-growing ancestors—as a major process in food
production. People domesticated suites of plants in different
parts of the world within more or less the same time period
from about 9,000 to 5,000 years ago: barley, wheat, rye, figs,
and grapes from the Middle East; corn, dry beans, and toma-
toes from Mexico; potatoes and peanuts from Andean South
America; rice and oranges from Southeast Asia, and so forth.
In most parts of the world, however, until very recently, peo-
ple continued to rely on wild plants in their natural habitats
to provide a major portion of their food. For example, Otzi,
a Neolithic (5,200-year-old) mountain traveler known as the
“ice man,” whose frozen body was found in 1991 in the Ty-
rolean Alps at the border of Italy and Austria, was carrying
sloe plums (Prunus spinosa) with him. He probably also would
have eaten wild hazelnuts (Corylus avellana), wild raspberries
(Rubus idaeus) and fruits of the wayfaring tree (Viburnum lan-
tana), as well as a variety of wild-growing greens and wild
game (Dickson et al., 2003). Wild plant species, even for agrar-
ian peoples or pastoralists who mainly used animal products,
would have assumed a special importance during times of crop
failure and famine (Turner and Davis, 1993). Some of these
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are the species that we know of today as “weeds”: species well
adapted to disturbed conditions and often associated with human
habitation. In turn, some of these weeds became the candidates
for domestication: for example, mustards (Brassica spp.), wild
carrot (Daucus carota), chicory (Cichorum intybus) and lettuce
(Lactuca spp.).

Altogether, widely used domesticated species comprise only
a fraction of the 20,000 or so plant species known to have been
used as food by humans (Paoletti, 2004; Piperno and Pearsall,
1998). Canadian Indigenous peoples alone have used over 500
species of plants for food (Kuhnlein and Turner, 1991). In recent
times, however, especially in urban areas of the world, most
people have come to depend on fewer and fewer species to
provide them with their daily nutrition. Today, only around 20
domesticated species supply up to 85% of the world’s food
base. Yet, the potential for more intensively using, and possibly
further domesticating, a wide diversity of wild-growing plant
species is immense.

In this chapter, we describe and provide examples of various
categories of edible wild and tended and/or semidomesticated
plants used by Indigenous and local peoples in different parts
of the world. We then discuss the concept of tending and man-
aging wild plants, fungi and algae. Many different types of
edible species, while not domesticated in the sense of dramatic
genetic alterations through successive selective breeding, are
nonetheless enhanced in quality and productivity through di-
rected human activities, ranging from selective harvesting and
thinning, to pruning and coppicing, to controlling pests and re-
moving competing species. Sometimes termed collectively “in-
cipient agriculture,” these practices are effective management
strategies in their own right, and in some cases have been in
place in a given area for millennia (Smith, 2005). Many of the
species that are tended are woody or herbaceous perennials,
which are “kept living” and producing sometimes over many
years or even generations (Deur and Turner, 2005). The types of
wild food plants in diverse ecosystems throughout the world are
described next, with regional patterns and trends in edible plant
groups. “Weeds” are another focus of this chapter. As noted
previously, weedy species are well represented in the larder of
edible wild-growing plants, many having long associations with
humans, and serving not only to provide edible roots, greens
and seeds, but also form the basis of many medicinal prepara-
tions, featuring strongly in the history of medicine (Stepp and
Moerman, 2004).

Many people do not realize or appreciate the extent to which
edible wild plants continue to contribute to peoples’ nutritional
and dietary needs, even in parts of Europe. As a demonstration
of their importance, a case study of edible wild plant use in
Mediterranean regional cuisine is offered, focusing on inland
Southern Italy. The richness and diversity of wild foods, their
contributions to local economies, and their diverse modes of
preparation are emphasized. Wild food plants contribute more
than nutrients; for many people and ethnic groups, the use of
wild foods is a source of cultural identity, reflecting a deep and
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important body of knowledge about the environment, survival,
and sustainable living known widely as traditional ecological
knowledge. This important relationship is discussed, followed
by concluding comments on the future of wild plant food use in a
changing world. Along with the major sections of the chapters,
we provide a series of examples of a range of important but
diverse aspects of wild food use.

Il. CATEGORIES OF EDIBLE WILD PLANTS

Edible wild plants include food categories familiar to every-
one: “root vegetables” (including true roots and underground
storage organs like bulbs, corms, tubers and rhizomes); edible
greens (leaves, stems, shoots, including marine algae); fleshy
fruits (berries, pomes, drupes); and grains, seeds, and nuts.
Other edible products include inner bark and cambium of trees,
plant-based beverages, plants used for flavoring, and edible wild
mushrooms and lichens (biologically different from plants but
usually considered together with them). Many of these wild
foods are common and productive, as well as being highly nu-
tritious, palatable and easily harvested. Some, such as Rubus
spp. (raspberry relatives) and Rosa spp. (wild roses), yield more
than one type of food, in these cases both edible fruits and edible
green shoots. Wild-growing plants, together with wild-harvested
fish, shellfish and game, have sustained relatively large popu-
lations for many thousands of years, from the Northwest Coast
of North America to Amazonia in South America, to Eastern
Africa: in fact, across every continent except Antarctica (FAO,
1988; Hedrick, 1972; Hussain, 1987; Pieroni, 2005; Kuhnlein et
al., 2009, in press; Balée, 1994; Szczawinski and Turner, 1978,
1980; Turner and Szczawinski, 1978, 1979; Walsh, 2009).

Examples of diverse edible wild plant genera and species
used in different parts of the world are provided in Table 1, and
are described in general in the following sections. Nutritional
values for many wild food species can be found in Kuhnlein
and Turner (1991; now available in digital form through FAQ,
2009).

A. Root Vegetables (Roots, Corns, Tubers and Rhizomes)

Root vegetables, like fruits and greens, are ancient human
foods. Kubiak-Martens (1996) documented the presence of tis-
sues of two edible root genera possibly used as food by Palae-
olithic and Mesolithic peoples from the site of Catowanie in the
central part of the Polish Plain: arrowleaf, wapato, or “swamp
potato” (Sagittaria sp.) and tuberous bistort (Polygonum sp.).
Many different indigenous groups in eastern Asia and North
America are known to have used species in these genera as
food (especially S. sagittifolia and S. latifolia; and P. bistorta
and P. vivipara) (Arnason et al., 1981; Kuhnlein and Turner,
1991; Strecker, 2007). Sagittaria latifolia is known to have very
high starch content (ca. 55.0% of dry matter), and in some parts
of western North America, the tubers were the most impor-
tant source of carbohydrates for indigenous peoples, and were a
favoured staple food (Kuhnlein and Turner, 1991; Darby, 1996).
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TABLE 1
Edible Wild-Growing Plants (and Algae, Fungi, Lichens) of the World; selected examples (after Cappelletti et al., 2000; Crowe,
1981; Hedrick, 1992; Hu, 2005; Kuhnlein and Turner, 1991; Maurizio, 1927; Paoletti et al., 1995, Paoletti, 2004; Tanaka 1976;
Turner, 1995, 1997).

Root vegetables (roots, bulbs, corms, tubers and rhizomes)

Allium spp. (onions, garlic); Liliaceae—temperate prairies, bluffs, woodlands; N Hemisphere; many species eaten, usually after
cooking, throughout various parts of the world.

Amphicarpa bracteata (hog peanut); Fabaceae—deciduous woods and clearings, E N America; tuberous roots cooked and eaten
by First Peoples.

Arctium lappa and other spp. (burdock); Asteraceae—woods and disturbed ground, Eurasia; introduced in N America; first-year
taproot highly valued in Japan (fried); in England ingredient of homemade beer.

Arum italicum and other spp. (lords-and-ladies); Araceae—woods and hedgerows, western Europe and the Mediterranean;
starch-rich tubers an important famine food throughout the area.

Argentina anserina, A. egedii (syn. Potentilla) (silverweed, cinquefoil); Rosaceae—moist meadows, saline marshes, tidal flats,
river and lake margins, temperate and boreal regions, N America, N Europe, Asia, Himalayas; fleshy taproots cooked and
eaten by N American First Peoples, and in UK, Tibet and elsewhere.

Balsamorhiza sagittata (balsamroot, or spring sunflower); Asteraceae—open woods, sagebrush steppe, and subalpine meadows,
NW N America; taproots pit-cooked and eaten; also young shoots, budstalks and seeds eaten.

Bunium bulbocastanum (pignut); Apiaceae—grasslands, Eurasia; tubers eaten boiled in some parts of Europe.

Butomus umbellatus (flowering rush); Butomaceae—water margins, Eurasia; rhizomes made into flour or cooked, particularly in
Siberia.

Camassia spp. (edible camas); Liliaceae—temperate woodlands, oak parklands, W N America; bulbs cooked and eaten by many
Indigenous peoples as a staple; main carbohydrate is inulin, a complex sugar based on fructose units.

Campanula rapunculus (rampion); Campanulaceae—herbaceous biennial of gravelly pastures, roadsides and along hedge-banks,
of Europe and UK; formerly widely grown for its edible roots, which have a pleasant sweet flavour reminiscent of walnuts
(leaves also eaten); traditionally collected in Ligurian region.

Chaerophyllum bulbosum (bulbous chervil); Apiaceae—herbaceous biennial or perennial of river margins, roadsides in Eurasia,
and introduced in parts of N America; tubers eaten raw throughout Eastern Europe.

Cirsium spp. (thistles); Asteraceae—herbaceous perennials of open, disturbed ground and old fields, widespread, N America and
Eurasia; taproots of several spp. eaten by N American First Peoples; main carbohydrate is inulin; green stalks peeled and eaten
in Spain, Portugal and elsewhere.

Claytonia spp. (spring beauty); Portulacaceae—herbaceous perennials of temperate woodlands, subalpine meadows, prairies, N
America, NE Asia; corms cooked and eaten by many peoples.

Cordyline spp. (ti, cabbage tree); Laxmanniaceae, flaxlike leaves borne in tufts; cooked roots of several spp. eaten by Maori and
other Polynesians; C. terminalis has domesticated forms that were used in molasses production and for making alcoholic
beverages.

Corydalis solida (fumewort); Fumariaceae—herbaceous perennial of woods and steppe, Europe and N Asia; bulbs eaten after
cooking by Kalmucks and Russians.

Dioscorea spp. (yams); Dioscoreaceae—herbaceous perennial of tropical and subtropical forests, Africa, S Asia, New Guinea,
Australia; tuberous roots a very important source of nutrition for forest dwelling indigenous peoples; used after prolonged
processing.

Dryopteris expansa (spiny wood fern); Dryopteridaceae—moist open forest, avalanche runs, circumpolar region; rootstocks
pit-cooked or steamed and eaten by First Peoples of NW N America.

Elymus repens (couchgrass, or quackgrass); Poaceae—perennial grass of fields and river margins, widespread in Europe;
rhizomes dried and powdered into flour, rich in carbohydrates; used mainly as an ingredient of bread and soups, many northern
and central European countries (e.g. Poland and Germany).

Equisetum arvense (common horsetail); Equisetaceae—weedy perennial of open ground and arable fields, circumpolar; little
tubers eaten throughout northern hemisphere, particularly in Russia.

Erythronium spp. (glacier lily, avalanche lily, fawn lily); Liliaceae—bulb-forming perennial of open woods and meadows, N
America, E Asia; bulbs of various spp. cooked and eaten in Japan, Korea, NW N America.

Fritillaria camschatcensis, Fritillaria spp. (riceroot); Liliaceae—salt marshes, shorelines, prairies, dry open bluffs, W N
America, Kamchatka; ricelike bulbs steamed and eaten by Pacific Rim First Peoples.

(Continued on next page)
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TABLE 1
Edible Wild-Growing Plants (and Algae, Fungi, Lichens) of the World; selected examples (after Cappelletti et al., 2000; Crowe,
1981; Hedrick, 1992; Hu, 2005; Kuhnlein and Turner, 1991; Maurizio, 1927; Paoletti et al., 1995, Paoletti, 2004; Tanaka 1976;
Turner, 1995, 1997). (Continued)

Helianthus tuberosus (Jerusalem artichoke, sunchoke); Asteraceae—tuberous perennial of open woodlands, wet meadows, N
America; tubers contain inulin as major carbohydrate; eaten raw and cooked.

Hedysarum alpinum (Eskimo Potato, licorice root, Indian carrot); Fabaceae—herbaceous perennial of moist open woods and
meadows, Arctic and S in mountains; long roots eaten raw or cooked (WARNING, similar species are toxic).

Lathyrus tuberosus (tuberous pea) and related species e.g. L. linifolius; Fabaceae—herbaceous perennial of open ground, Europe;
tubers eaten raw as a valued snack.

Leopoldia comosa (syn: Muscari comosum); Liliaceae—herbaceous perennial of arable fields, Europe; bulbs consumed since
long time in the Eastern Mediterranean (after maceration in cold water for decreasing the bitterness), esp. Southern Italy,
Albania, and Greece; Nowadays widely cultivated for serving these markets in Morocco and Algeria.

Lewisia rediviva (bitterroot); Portulacaceae—herbaceous perennial of open pine woods, sagebrush desert, W N America;
taproots steamed and eaten by Plateau indigenous peoples.

Lilium columbianum, L. cordatum and other spp. (lilies); Liliaceae—herbaceous perennials of open woods and meadows, N
America, E Asia; starchy bulbs cooked and eaten by indigenous peoples.

Lomatium spp. (biscuitroots, kous); Apiaceae—taprooted or tuberous rooted herbaceous perennials of dry plains and open wood
and meadows, northwestern N America; tuberous roots cooked and eaten by indigenous peoples.

Microseris lanceolata (murnong or yam daisy); Asteraceae—taprooted herbaceous perennial of dry open plains and forest edges,
widespread in Australia and Tasmania; fleshy taproots pit-roasted and eaten by Indigenous Australians.

Nelumbo nucifera and other spp. (lotus); Nelumbonaceae—rhizomatous aquatic perennial of Asia and elsewhere; fleshy
rhizomes eaten as a cooked vegetable in soups and a variety of other dishes; seeds also widely eaten.

Nuphar lutea (yellow pondlily); Nymphaeaceae—rhizomatous perennial of ponds and lakes; widespread in Northern
Hemisphere; fleshy rhizomes eaten by some indigenous peoples in North America and Eurasia; after cooking or other
preparation.

Nymphaea spp. (waterlily); Nymphaeaceae—rhizomatous perennial of ponds and lakes; cosmopolitan genus; fleshy rhizomes
eaten by indigenous people in some regions, e.g., Australia, after prolonged preparation.

Orechis spp. (orchid); Orchidaceae—herbaceous perennial of grasslands and woods; Eurasia; underground parts made into a food
called salep; eaten mainly in SE Europe and SW Asia, also in England.

Polygonatum spp. (Solomon’s seal); Convallariaceae—herbaceous rhizomatous perennial of woods and clearings; widespread in
Northern Hemisphere; fleshy rhizomes cooked and eaten by indigenous peoples in North America and Eurasia, particularly in
China and Japan.

Polygonum vivaparum (alpine bistort); Polygonaceae—herbaceous perennial of montane meadows and northern tundra,
circumpolar; rhizomes eaten by northern First Peoples; in Eurasia also P. bistorta (bistort) and related spp. eaten.

Polypodium spp. (polypody); Polypodiaceae—woods, particularly on rocks or old trees, widespread in northern hemisphere;
rhizome eaten raw or added as sweetener; they have a high sugar content; being the sweetest "root" of the northern
hemisphere; used e.g., in Italy, Poland, Slovakia, Norway, Balkans, as well as on the western coast of North America.

Pteridium aquilinum (bracken fern); Dennstaedtiaceae—herbaceous perennial fern of meadows, open woods and clearings,
widespread and ubiquitous; starchy rhizomes roasted and eaten; sometimes pounded into flour by indigenous peoples of NW N
America and elsewhere (but potentially carcinogenic).

Sagittaria spp. (wapato, arrowhead); Alismataceae—herbaceous perennial of wetlands, marshes and lake edges, widespread, N
America and Eurasia; starchy tubers cooked and eaten as a staple vegetable.

Stachys palustris (marsh woundwort); Lamiaceae—herbaceous perennial and arable weed of river margins and marshes,
widespread in northern Europe; rhizomes dried and powdered into flour or rhizomes eaten cooked, sometimes raw; used in
northern Europe (mainly in Poland) until the turn of the 19th and 20th century.

Trifolium wormskioldii (springbank clover); Fabaceae—herbaceous perennial of moist meadows and coastal regions, tidal
marshes, W North America; rhizomes steamed and eaten by NW Coast First Peoples.

Typha spp. (cattail, bulrush); Typhaceae—herbaceous perennial of wetlands, lakeshores, worldwide; starchy rhizomes cooked
and eaten by many people; sometimes rendered into flour (young green shoots, immature flowering spikes, seeds and pollen
also eaten).

(Continued on next page)
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Edible greens (leaves, stems, shoots, including marine algae)

Adansonia digitata (baobab); Malvaceae—broad-leaved tree of E Africa; one of the most important edible wild greens of African
indigenous peoples.

Allium ursinum (ramsons), A. victorialis; Liliaceae—herbaceous perennials, found in many parts of northern Eurasia; leaves and
stalks, raw, cooked or lacto-fermented; A. ursinum used in Europe, A. victorialis in Asia (Siberia, Central Asia, Korea); both
species are an important ingredient of Russian cuisine, called cheremsha); many Allium spp. eaten throughout N hemisphere.

Amaranthus spp. (amaranth, pigweed); Amaranthaceae—disturbed ground, moist clearings; widespread in many parts of the
world; greens eaten as a boiled vegetable, in curry, soups, etc. (seeds also edible and nutritious).

Arctium lappa (great burdock); Asteraceae—large-leaved biennial growing up to 2 m; Eurasia; young leaves and stalks eaten raw
or cooked; traditionally collected in Ligurian region (taproots also eaten in Asia).

Aruncus dioicus (goatsbeard); Rosaceae—tall herbaceous perennial of moist forest edges and streamsides, Eurasia and N
America; young edible stems and leaves eaten as asparagus; traditionally collected in Friuli Venezia Giulia and Veneto region.

Asparagus racemosus, Asparagus spp. (wild asparagus); Liliaceae—tall herbaceous perennials of moist open woods to dry
clearings; widespread, Europe, Asia, naturalized in N America; tender young shoots eaten after cooking.

Balsamorhiza sagittata (balsamroot or spring sunflower); Asteraceae—open slopes, upland meadows, sagebrush plains, W N
America; young shoots and budstalks eaten raw or cooked by First Peoples (pit-cooked taproots and seeds also edible).

Bambusa spp., Phyllostachys spp. and other spp. (bamboo shoots); Poaceae—tropical and subtropical forests, various parts of SE
and E Asia, tree- or shrub-like grass; young shoots boiled and eaten as popular vegetable in E Asia; WARNING: some bamboo
shoots contain toxic levels of cyanide-producing compounds.

Beta vulgaris (including ssp. cicla, B. hortensis, (spinach beet, chard); Chenopodiaceae—herbaceous annual or biennial of
Europe; leaves and leaf stems eaten raw or cooked like spinach; traditionally collected in Ligurian region.

Borago officinalis (wild borage); Boraginaceae—herbaceous annual of roadsides and arable fields in Europe, naturalized in many
other areas in the world; young leaves commonly used in Mediterranean cuisine; flowers also edible; traditionally collected in
Ligurian region.

Bunias orientalis (warty cabbage, Turkish rocket); Brassicaceae—herbaceous perennial of northern Eurasia and introduced
elsewhere; young stalks commonly eaten in Russia and Romania, raw or boiled.

Campanula trachelium (campanula); Campanulaceae—herbaceous perennial of woodlands; leaves boiled in spring; mixture
called “pistic” of Friuli Venezia Giulia region.

Capsella bursa-pastoris (shepherd’s purse); Brassicaceae—basal leaves highly valued for stir-fries and dumplings in Eastern
Asia; young fruits eaten as children’s snack in Europe; plant used as food in vegetable dish called “pistic” (Val Colvera pre
Alpine zone of Friuli Venezia Giulia).

Carlina acaulis (stemless carline thistle); Asteraceae—herbaceous perennial of disturbed sites, Europe; raw and boiled blossoms;
traditionally collected in Western Friuli region.

Centranthus ruber (red valerian); Valerianaceae—boiled leaves; young leaves are used for salads. The cold rootstock brew is
used to treat digestive problems and anxiety. It is generally used as a heart-calming agent. The older leaves are boiled. This
plant is included in the blend of Levanto’s gattafin. Taste: bitter; traditionally collected in Ligurian region; plant included in the
“preboggion” (or “prebuggiun”) blend.

Chenopodium album and other species (lamb’s quarters, goosefoot); Chenopodiaceae—mainly as arable weeds, Eurasia; young
shoots and leaves used to be the most important wild green of eastern Europe; also eaten in E Asia. Ingredient of “pistic” and
“preboggion” blend.

Cicerbita alpina (blue sow thistle); Asteraceae—eaten especially as young stem as asparagus preserved under oil or vinegar.
Traditionally collected in Western Friuli.

Chenopodium bonus henricus (Good King Henry); Chenopodiaceae—Europe, W Asia, N America; roadsides; young plants,
leaves cooked after snow melting; plant included in “pistic” blend.

Cichorium intybus (wild chicory); Asteraceae—roadside, Europe, N America; native to central Russia, W Asia, S Europe whorls
very commonly eaten (cooked) as greens in the whole Mediterranean; leaves—raw or cooked; young leaves in salad; the
roasted root is used as a substitute coffee; traditionally collected in Ligurian region; plant included in the “preboggion” blend.

(Continued on next page)
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Cirsium spp. (thistles); Asteraceae—herbaceous perennials of Eurasia and N America; young leaves of numerous species eaten in
S, C & E Europe and in eastern Asia. Plant included in the “preboggion” and “pistic” blend.

Crepis spp. (Hawksbeard); Asteraceae—boiled leaves traditionally collected in N Italy and consumed in soups.

Cynara cardunculus (wild artichoke); Asteraceae—arable fields, roadside, S Europe; the stalks, roots, and flower receptacles are
very appreciated (boiled) in the traditional cuisine of the Mediterranean area.

Chamerion angustifolium (syn. Epilobium angustifolium) (fireweed); Onagraceae—widespread in disturbed ground, open woods,
burns and clearings, circumpolar; young shoots, stems, flowering tops eaten.

Diplazium esculentum (vegetable fern); Athyriaceae—a fern from subtropical and tropical forests; SE Asia, Oceania; young
fronds widely consumed as a vegetable, often sold in SE Asian markets.

Diplotaxis tenuifolia (perennial wall rocket); Brassicaceae—S C Europe; leaves raw used in salad.

Equisetum arvense (common horsetail); Equistaceae—widespread in moist and disturbed areas, open woods, circumpolar; young
shoots eaten raw or cooked in Japan and NW N America, formerly also in Russia and Poland.

Euterpa oleracea, Bacris gasipaes, Daemonorops schmidtiana and other spp. (palm hearts); Arecaceae—tropical forests, C and S
America (including Amazonia); young apical shoots eaten locally and exported as canned product.

Foeniculum vulgare (fennel); Apiaceae—young leaves and stem—eaten raw or cooked, seeds are used as a flavoring in
castagnaccio cakes; traditionally collected in the Mediterranean area; in the Ligurian region plant is included in the
“prebuggiun” blend.

Heracleum maximum, H. sphondylium s.I. (cow-parsnip); Apiaceae—temperate deciduous and coniferous forests, N America
and Eurasia; young, peeled budstalks and leafstalks eaten by Indigenous peoples (WARNING: skin and hairs contain
phototoxins, irritating to the skin when exposed to sunlight); in E Europe was widely used to make lacto-fermented soup called
barshch or borsh.

Humulus lupulus (Hop); Cannabaceae—W Asia, Europe; hedgerows; sprouts cooked in the Spring mixture or with omelettes.

Hypochaeris spp. (H. radicata, H. maculata) (common cat’s ear); Asteraceae—boiled leaves; plant included in the “preboggion”
and “pistic” blends.

Hyoseris radiata (Radicchio selvatico); Asteraceae— boiled leaves; traditionally collected in Ligurian region; plant included in
the “preboggion” blend.

Lactuca spp. (L. serriola, L. perennis) (prickly lettuce); Asteraceae - S C Europe, N Africa, Himalayas; young leaves raw or
cooked.

Lamium spp. (dead nettle); Lamiaceae—small perennials or annuals, temperate forests, meadow and arable fields; used cooked,
mainly in the past, Europe and Japan. In particulary Lamium purpureum is included in the “pistic” blend.

Lomatium nudicaule (Indian celery, barestem lomatium); Apiaceae—open bluffs, meadows, woodlands, W N America; young
leaves and stalks eaten fresh or cooked; rich in vitamin C.

Leontodon hispidus (rough hawkbit) - Asteraceae—Europe, Caucasus and Iran; Ligurian use: young leaves - raw or cooked; plant
included in “preboggion” and “pistic blends.”

Matteuccia struthiopteris (ostrich fern); Dryopteridaceae—temperate deciduous and coniferous forests, E (and W) N America,
Japan, Asia; fiddlehead shoots eaten; wild—harvested and marketed as specialty food.

Metroxylon sagu and other spp. (sago palm); Arecaceae—swampy to dry tropical forests, Malaysia and Indonesia, Papua New
Guinea; starchy inner core a staple for many forest peoples. To this palm, palmworms are associated as additional harvest
especially in Papua New Guinea.

Opuntia spp. (prickly pear cactus, “Indian fig”); Cactaceae—deserts and open dry lands, W and SW N America, Mexico, C
America; fleshy stem segments de-spined, cooked and eaten (fruits also eaten fresh and raw or as preserves, both in the
Americas and naturalized in the Mediterranean region).

Origanum heracleuticum (wild oregano); Lamiaceae—arable fields in S Europe; flowering tops gathered during the summer and
used worldwide as a seasoning for the real Italian pizza.

Ornithogalum pyrenaicum (Bath asparagus); Liliaceae—woods and scrub; S Europe; leaves and blossoms boiled in the spring
mixture; traditionally collected in Friuli Venezia Giulia region.

Oxyria digyna (mountain sorrel); Polygonaceae—rocky upland sites, circumpolar regions; leaves eaten raw and cooked,; rich in
vitamin C, acidic due to oxalic acid.
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Palmaria palmata (red seaweed, dulse); Rhodymeniaceae—temperate coastline, N temperate zone; whole plant harvested, dried,
eaten raw as a snack, or cooked in soup.

Papaver somniferum (opium poppy); Papaveraceae—young plants, leaves cooked in the spring mixture; plant included in the
“pistic” blend.

Papaver rhoeas (corn poppy); Papaveraceae—Europe, N Africa, Asia; boiled leave; traditionally collected in Ligurian region and
ingredient of “preboggion.”

Petasites japonicus (Japanese coltsfoot, fuki); Asteraceae—moist deciduous forests, Japan, Sakhalin Islands; leafstalks boiled,
peeled, eaten as a springtime green as side dish or in soup.

Phyteuma spicatum (Spiked rampion); Campanulaceae—leaves and blossoms boiled in the spring mixture; traditionally collected
in Friuli Venezia Giulia region.

Porphyra abbottiae (red laver seaweed) and Porphyra spp.; Porphyraceae—rocky coastline, intertidal zone, W coast of N
America (P. abbottiae) and N and S temperate zones; harvested dried and served as snack, in soup or dishes with fish eggs;
considered a health food.

Ranunculus ficaria (lesser celandine); Ranunculaceae—woods and hedges, mainly in Europe; young leaves eaten raw or as
potherb in central Europe (e.g. Slovakia, Romania, Ukraine); boiled leaves in the spring mixture “pistic” (Friuli Venezia Giulia
region) and “preboggion” (Ligurian region).

Reichardia picroides (French scorzonera); Asteraceae—S Europe; leaves eaten raw in salads or cooked; traditionally collected in
Ligurian region; plant included in the “preboggion” blend.

Rubus spp. (thimbleberry, salmonberry); Rosaceae—W N America, moist, open woodlands and clearings, young shoots
harvested in spring, peeled and eaten with oil or fish eggs by NW Coast First Peoples.

Rumex arcticus and other Rumex spp. (sourdock, wild rhubarb); Polygonaceae—clearings, disturbed ground, circumboreal,
northern regions; leaves and stems eaten, fermented, boiled, fresh by Inuit and other First Peoples.

Ruscus aculeatus (butcher’s broom); Liliaceae—W S Europe; shoots boiled or preserved under oil.

Salix alexensis, S. pulchra (Alaska willow, sura willow); Salicaceae—moist rocky ground, circumpolar, northern taiga and
tundra; leaves and shoots eaten by Inuit as fresh green; rich in Vitamin C.

Sanguisorba minor (salad burnet); Rosaceae—Mediterranean countries, Asia Minor, Iraq, Iran, Afghanistan, cultivated in
Europe; boiled leaves or leaf salad; taste: slightly bitter; traditionally collected in Ligurian region.

Silene vulgaris (bladder campion); Caryophyllaceae—N Africa, Asia, arable fields, Europe. The young shoots are appreciated
(boiled) in the cuisine of Southern Europe; Ligurian use : boiled leaves or leaf salad; plant of the “preboggion” blend; boiled
sprouts or leaves in the spring mixture “pistic”.

Scolymus hispanicus (Spanish oyster thistle); Asteraceae—arable fields, roadside, Europe; the midribs boiled and eaten as
artichokes in many areas in the Mediterranean.

Sonchus oleraceus (sow thistle); Asteraceae—roadside Europe, N Africa, Asia; young leaves very commonly eaten (generally
cooked) as greens in the Mediterranean; tender leaflets are used in salads or boiled. Taste: slightly bitter, with hazelnut flavor;
traditionally collected in Ligurian region; boiled leaves in “pistic.”

Sonchus asper (prickly sow thistle); Asteraceae—Eurasia, Africa; leaves boiled in “pistic” blend.

Stanleya pinnata (prince’s plume); Brassicaceae—tall subshrub of desert regions of SW N America; young leaves eaten as greens
by indigenous peoples of Great Basin.

Stellaria media (chickweed); Caryophyllaceae—a small annual of arable fields; young plants eaten in soups and as potherb by
farming communities of Eurasia, mainly in the past; ingredient of “pistic.”

Taraxacum officinalis (dandelion); Asteraceae—L eaves raw and cooked; traditionally collected in Liguria.

Tragopogon pratensis (goat’s beard); Asteraceae—Europe, Caucasus, Siberia, Iran; meadows, dunes, roadsides; leaves, root and
stem; young leaves raw or boiled.

Ulmus spp. (elm); Ulmaceae—trees from northern hemisphere; leaves used in many regions as famine food; young fruits used as
a green vegetable in China.
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Urtica dioica (stinging nettle); Urticaceae—temperate coniferous and deciduous forests and nearby clearings, N Temperate
region; young shoots eaten as potherb, used to make tea, sauce.

Valerianella spp. (wild corn salad); Valerianaceae —arable fields in Europe, N Africa, and W Asia; leaves very appreciated in
salads in many local cuisines.

Berries and other fleshy fruits

Actinidia spp. (kiwi, Chinese gooseberry); Actinidiaceae—many species, of warm temperate and subtropical forests, SW China,
E Asia; introduced to New Zealand in early 1900s; flavorful, fleshy fruits eaten, some (kiwifruit) cultivated; most with
wild—collected fruits.

Adansonia digitata (baobab); Malvaceae—E Africa; fleshy fruits valued throughout Africa; raw or the pup used to make
beverages; oil from seeds.

Amelanchier alnifolia (Saskatoon berry, serviceberry, Juneberry); Rosaceae—deciduous shrub of open woods, slopes and
clearings, W N America; other spp. in E N America; pomes sweet and juicy, eaten fresh, cooked, dried; some forms now under
cultivation in W Canada.

Amelanchier ovalis (Snowy mespilus); Rosaceae—C S Europe; fruits eaten raw.

Bactris gasipaes (peach palm); Arecaceae—a tropical palm; S and Central America; fruits widely eaten throughout the area, one
of the most important fruits of many forest-dwelling groups, e.g., Huaorani in Ecuador.

Berberis vulgaris (barberry); Berberidaceae—N Europe; roadsides; sprouts, leaves and fruits raw or cooked.

Celtis spp. (hackberry); Cannabaceae—trees, deciduous forests, often along rivers, a few dozen species, mainly in warmer
temperate parts of Northern Hemisphere; locally eaten raw in N. America, southern Europe and E Asia.

Cornus spp. (dogwood); Cornaceae—shrubs, forests and scrub, northern hemisphere, some species of the genus bear tasty fruits
used locally (e.g. C. mas in SE Europe and Caucasus, C. canadensis, C. suecica, C. kousa), while others are bitter or even
slightly toxic (C. alba, C. stolonifera).

Cornus mas (Cornelian cherry); Cornaceae—Europe; fruits raw, fermented in water to produce an alcoholic wine and vinegar.

Crataegus spp. (hawthorn); Rosaceae—deciduous shrub, most temperate regions of the world; fruits eaten raw or processed
worldwide.

Dillenia indica (elephant apple); Dilleniaceae—a tree from forests of S and SE Asia; its tart fruits are often used in curries or as
condiment in SE Asia.

Duguetia lepidota (yara yara); Annonaceae—Amazonia (Alto Orinoco) deciduous tropical forests; sweet fruits eaten.

Elaeagnus spp. (silverberry, oleaster); Elaesagnaceae—northern hemisphere, mainly in Asia; mealy, sweetish fruits eaten locally.

Empetrum nigrum (crowberry, blackberry); Empetraceae—Ilow—growing shrub of tundra, alpine, open boreal forest and muskeg,
circumpolar; berries eaten raw, preserved by Inuit and other northern First Peoples; important emergency food.

Ficus carica and other Ficus spp. (figs); Moraceae—deciduous or evergreen trees of warm temperate, tropical and subtropical
forests; over 1000 spp., F. carica one of oldest Mediterranean fruit crops, cultivated throughout Mediterranean, Middle East,
U.S.; many spp. wild harvested; many species of Ficus are attractive crops in subtropical regions as they fruit a few times a year.

Fragaria spp. (strawberries); Rosaceae—nherbaceous perennials of temperate woodlands, shorelines and clearings, Europe, Asia,
N America; hybridized in Europe from two N American spp.; domesticated forms now widely cultivated in temperate regions;
sweet, juicy berries widely eaten wherever they occur, fresh or in preserves.

Gaultheria shallon (salal); Ericaceae—evergreen shrub of temperate rainforest, W N America; sweet juicy berries harvested from
wild by indigenous peoples, eaten raw, or cooked and dried for winter use; used to sweeten other berries.

Hippophae rhamnoides, H. salicifolia (sea buckthorn); Elaeagnaceae—Ilarge shrubs; sea and river edges, cliffs, scrub, Eurasia;
acid, aromatic fruits are used for making jellies, jams and vinegar, or as an addition to sauces, in N Europe, Russia, China and
Nepal.

Juniperus communis and other spp. (juniper); Cupressaceae—evergreen shrubs and trees, northern hemiphere; fleshy
pseudo—fruits were eaten in small quantities by Native Americans and in Eurasia; sometimes used as spice (Germany, Italy,
Poland); in northern Europe a kind of beer was brewed from them, e.g., in Poland, France, and Estonia.

Lonicera spp. (honeysuckle); Caprifoliaceae—deciduous or evergreen shrubs and vines; northern hemisphere; fleshy fruits of a
few species are used as raw, as food, e.g., Lonicera coerulea, L. angustifolia, however most species from the genus are toxic.
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Lonicera caprifolium (Honeysuckle); Caprifoliaceae—Europe; fruits raw, known as St. John’s grapes.

Malus fusca and related spp. (wild crabapple); Rosaceae—deciduous tree of temperate regions, moist shorelines and swampy
areas to open woods, 25-30 wild species of apples and crabapples in Europe, Asia and N America; small, tart fruits harvested
by First Peoples in NW N America.

Mauritia flexuosa (moriche palm, morete); Arecaceae—a palm of tropical swamps; S America; fruits important locally, e.g., for
Huaorani hunter—gatherers.

Monstera deliciosa (ceriman); Araceae—evergreen vine of tropical rainforests, Mexico; distributed widely throughout tropics;
cone-like fruit eaten when fully ripe.

Nephelium lappaceum and related spp. (rambutan); Sapindaceae—broad-leaved trees of tropical rainforest, SE Asia, Malaysia,
Indonesia, Thailand, Philippines; around 35 species, some wild harvested.

Passiflora spp. (passionfruit, granadilla); Passifloraceae—climbing vines of tropical forests, Brazil, tropical America; many spp.
with small, flavorful fruits, eaten raw, cooked or as beverage or preserves; some spp. cultivated, others harvested from wild.
Prunus virginiana, P. pensylvanica, P. avium, P. padus and other spp. (wild cherries, choke cherries); Rosaceae—deciduous trees
of temperate deciduous or mixed forests, Europe, Caucasas, N Turkey, other spp. in N America, Asia; some spp. domesticated,

widely grown in temperate regions as dessert fruit, some spp. harvested from wild.

Prunus spinosa and other spp. (wild plums); Rosaceae—deciduous trees of temperate deciduous forests, various spp. from
Europe, N America, China; some spp. domesticated, widely grown in temperate regions as dessert fruit and for prunes and
preserves, sometimes harvested from wild.

Psidium guajava (guava); Myrtaceae—broad-leaved tree of tropical and subtropical rainforests, C America; shrub or small tree;
widespread as popular tropical fruit, growing wild and cultivated; used for jams and preserves; other spp. used as well.

Ribes spp. (gooseberries); Grossulariaceae—deciduous shrubs of temperate woodlands, Europe, Asia, America; various species
widely grown as a soft fruit in temperate areas, eaten raw or usually cooked, preserved; many wild—harvested species.

Ribes spp. (currants); Grossulariaceae—shrubs, understorey of deciduous and boreal forests; circumboreal; fruits eaten raw or in
preserves; used locally by indigenous people of N America and Eurasia, as well as in modern cuisine.

Rosa acicularis, R. canina, Rosa rugosa and related spp. (wild rose, hips); Roseaceae—deciduous shrubs of temperate regions,
open woods and moist areas, W N America, with other species circumboreal, in N America, Eurasia; hips cooked into sauce,
syrup, or used to make beverage tea; must be strained to remove irritating hairs from seeds; widely used as food and famine
food.

Rubus chamaemorus (bakeapple, cloudberry, salmonberry); Rosaceae—Ilow sub—shrubs of open muskeg or peat bogs of boreal
forests, dioecious, circumboreal; berries harvested in quantity and sometimes marketed (Scandenavia, Newfoundland); eaten
raw, cooked or preserved, and also made into a drink; rich in Vitamin C.

Rubus arcticus and related spp. (nagoonberry, lagoonberry); Rosaceae—Ilow sub-shrubs of open muskeg or peat bogs of boreal
forests, circumboreal; highly flavoured berries a favorite food of northern peoples, eaten fresh or preserved.

Rubus idaeus and other spp. (raspberries); Rosaceae—deciduous shrubs of temperate coniferous and deciduous woodlands, along
creeks and rocky slopes, Europe, W Asia, N America; widely grown as a soft fruit in temperate areas; many spp. harvested
from wild and eaten fresh, cooked, or preserved.

Rubus spp. subgenus Rubus (blackberries); Rosaceae—deciduous or evergreen shrubs of temperate and montane woodlands,
Europe, Asia, N America; cultivated on limited basis; berries of many spp. harvested from wild, eaten fresh, cooked, or
preserved.

Sambucus spp. (elderberries); Caprifoliaceae—deciduous shrubs and small trees of moist open woods and forest edges,
widespread in N Hemisphere; small clustered, somewhat tart berries usually cooked as sauce or used for wine and other
beverages.

Shepherdia canadensis (soapberry); Elaeagnaceae—deciduous shrub of open coniferous woods, across temperate N America;
small somewhat bitter berries picked fresh, dried and preserved; mashed and whipped with water into a frothy confection
(contains saponins), served at feasts and social occasions by NW N American First Peoples; also used to make a lemonade-like
beverage.
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Solanum spp. (ground cherry); Solanaceae—herbaceous annuals or perennials of open disturbed ground and moist clearings;
many species occurring in N, C and S America; tart, juicy berries surrounded by papery sheath, eaten raw or cooked; some
species under cultivation.

Solanum stramonifolium (tupirillo; paja; cocconilla); Solanaceae—Sez. lasiocarpa; frequent in savannas, ecotones, forest
opening, and along riverbanks, tolerant the different type of soils; the fruit is eaten fresh.

Solanum sessiliflorum (cocona, tupiro, chipe chipe); Solanaceae—Sez. lasiocarpa; frequent in upper Amazon Basin of
Colombia, Ecuador and Peru, cultivated in the “conuco” and along the Amazon and Orinoco River of Venezuela and Brazil;
the fruit is eaten fresh, in vegetable salad, marmalade but the most important use is juice.

Spondias spp. (hog plum); Anacardiaceae—deciduous trees of tropical S America and Asia; several species of fruits used as food
locally in both continents.

Vaccinium spp. (blueberries, huckleberries, bilberries, cranberries); Ericaceae—deciduous (or sometimes evergreen) shrubs of
northern boreal and temperate coniferous and deciduous forests, Europe, N America, deciduous or sometimes evergreen
shrubs; various domesticated species grown in N America, Europe, Australia, New Zealand; wild species commonly harvested
and eaten fresh, cooked or dried in cakes; favorites in pies.

Vaccinium vitis—idaea (lingonberry, mountain cranberry, lowbush cranberry); Ericaceae—low evergreen shrub of boreal and
montane coniferous forests, acid peat bogs and muskegs; circumpolar; cool temperate and northern regions; tart berries cooked
for sauce; beverages; stored under water over winter; harvested commercially in Scandinavia.

Vaccinium caespitosum and other Vaccinium species (dwarf blueberry and other blueberries); Ericaceae—Ilow, deciduous shrub
of open forests and rocky mountaintops and lakeshores, temperate regions; circumpolar; berries harvested in quantity and
eaten raw, cooked or dried by people throughout its range.

Vaccinium oxycoccos and related spp. (bog cranberry); Ericaceae—low creeping vines of acid peat bogs and muskegs;
circumpolar; cool temperate and northern regions; tart berries cooked for sauce; beverages; stored under water over winter.

Viburnum edule and related spp. (highbush cranberry); Caprifoliaceae—deciduous shrubs of moist forests, lake edges and creeks;
circumpolar; tart berries cooked and eaten, considered high value feast and trade food, often eaten with grease by First
Peoples; also emergency food, remaining on the bushes overwinter.

Grains, seeds and nuts

Amaranthus spp. (amaranth); Amaranthaceae—disturbed ground, moist clearings; widespread in many parts of the world; seeds
eaten as parched or ground “grain”, rich in protein (greens also eaten); some cultivated spp.

Araucaria araucana and A. angustifolia (araucaria, monkeypuzzle); Araucariaceae—evergreen trees of S temperate coniferous
forest, two spp. in Chile, Brazil, Australia, evergreen trees; seed kernels eaten locally by indigenous peoples.

Bertholletia excelsa (Brazil nut); Lecythidaceae—large, broad—leaved trees of tropical rainforest, Amazonia, S America;
thick—shelled, oily nuts harvested wild from Brazil and other S American countries; most exported to U.S. and Europe.

Carum carvi (Caraway); Apiaceae—Europe; arable land; leaves boiled in the spring mixture; plant included in the “pistic” blend,;
shoots, achenes and sprouts raw as spices in salads or cooked in the spring blend.

Carya illinoensis and related spp. (pecan, hickory nuts); Juglandaceae—deciduous trees of temperate and warm hardwood
forests, E and SE United States and Mexico; nuts eaten by First Peoples; now pecan is a major wild and plantation crop; also
grown in Australia, Brazil, S Africa.

Castanea sativa and other spp. (chestnut); Fagaceae—deciduous trees of Mediterranean and temperate hardwood forests, S
Europe, Turkey; other spp. in E North America, E Asia, deciduous tree; domesticated and grown in S Europe, also harvested
from wild growing trees; nuts contains starch and high quality protein; eaten as flour, bread, porridge, sweetmeats.

Corylus spp. (filbert, or hazelnut); Betulaceae—deciduous tall shrubs of temperate forests, Asia Minor, SE Europe, N America;
cultivated in England and North America, also wild harvested for millennia; nuts used in baking and confections.

Fagus grandifolia, F. sylvatica (beechnut); Fagaceae—deciduous trees of temperate forests, E N America, Europe; nuts gathered
from the wild and eaten locally, raw or roasted.

Foeniculum vulgare (fennel); Apiaceae—leaves and stems eaten raw or cooked, seeds are used as a flavoring in castagnaccio
cakes; traditionally collected in Ligurian region.

Glyceria fluitans (water mannagrass); Poaceae—herbaceous perennial, water margins; mainly in Europe; grains gathered in
eastern Europe (mainly in Poland) to make highly valued and expensive bread.
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Juglans (walnut); Juglandaceae—trees, decidous temperate and subtropical forests of northern hemisphere; kernels of nuts are
valued food in many parts of the world.

Mentzelia albicaulis (white—stemmed blazing star); Loasaceae—herbaceous flowering plants of drylands in W N America; seeds
gathered, parched and eaten by Indigenous peoples of the Great Basin and California.

Myrrhis odorata (Sweet Cicely); Asteraceae - seeds and young leaves used as spices, elixir, in salads and soups.

Pinus pinea, P. sibirica, P. edulis, P. cembra, P. koraensis and other spp. (pine nuts); Pinaceae—evergreen coniferous trees of
various species in dryland temperate and sub-boreal coniferous forests, various species native to SW United States, Europe,
Asia, Russia, evergreen trees; seeds high fat, high—protein, eaten by many groups of Indigenous Peoples; eaten and exported
worldwide as specialty foods.

Quercus spp. (oak/acorns); Fagaceae—deciduous or evergreen trees of temperate dryland forests of Europe, Asia, N and C
America; acorns eaten in large quantities by N American indigenous peoples; usually pounded into meal and leached to
remove tannins before consuming; widely used in Eurasia as famine food.

Trapa natans, T. bicornis etc. (water caltrop); Trapaceae—annual plants of lakes and ditches; warmer temperate and subtropical
parts of Eurasia; fruits important part of human nutrition throughout Europe in prehistoric times; still widely eaten in Asia.

Other edible plants and plant substances, mushrooms, lichens, and algae

Acacia senegal and other spp. (gum arabic); Fabaceae—deciduous trees of dry tropical forest/ savanna, W Africa; other spp.
found in arid regions of all continents, wild and plantation harvested gum used in food industry for texture, stabilizer in
confections, beverages; also in cosmetics, medicinal products.

Acer saccharum and other spp. (sugar maple); Aceraceae—deciduous trees of temperate hardwood forest, SE Canada, NE United
States; sap harvested in quantity and rendered into syrup and sugar; commercial product.

Aniba rosaeodora (bois de rose); Lauraceae—tropical rainforest, Amazonia, Brazil, Peru; essential oil distilled from bark and
fruit, used as flavor ingredient in many processed foods and beverages.

Arenga pinnata and other spp. (sugar or gomuti palm); Arecaceae—tree palm of tropical forests, Annam, SE Asia, Philippines;
wild and plantation trees yield sap, rendered into sugar.

Armillariella spp. (honey fungus); Marasmiaceae—a brownish parasitic fungus, fruiting bodies appear in large groups on dead
wood, circumboreal; eaten in boiled or pickled dishes, mainly in Slavic countries, also in China.

Armoracia rusticana (horseradish); Brassicaceae—pungent root used as a condiment for meat and other dishes in Europe.

Betula spp. (birch); Betulaceae—tree of temperate forests, circumpolar; sap collected in spring, drunk raw, fermented or
concentrated; used, e.g., in Alaska, Russia, Ukraine.

Boletus edulis and other spp. (edible bolete, or cep); Boletaceae—mushrooms of temperate deciduous and coniferous forest,
throughout northern hemisphere; especially E Europe, also S America in pine plantations; highly valued and widely gathered,
especially in Poland and E Europe, and Italy.

Cantharellus cibarius and other spp. (chanterelles); Cantharellaceae—mushrooms of temperate coniferous forest, throughout
northern hemisphere; highly valued and widely gathered; large quantities exported from British Columbia and US Pacific NW.

Caryota urens (fishtail palm); Arecaceae—a monocarpous palm, subtropical forests; India to Malay Peninsula; starchy pith used
to make flour; sap made into sugar.

Eugeissona utilis and other spp. (sago palms); Arecaceae; — palms from tropical forests; Borneo and Malay Peninsula; the
starchy pith is the staple food of Penan hunter—gatherers in Borneo.

Gaultheria procumbens (wintergreen); Ericaceae—Ilow evergreen shrub of temperate deciduous forest, E N America; leaves,
berries used as flavoring for tea, candy, gums, toothpaste.

llex paraguariensis (yerba maté); Aquifoliaceae—small evergreen tree of tropical forests, S America, primarily Paraguay,
Uruguay, S Brazil, Argentina; leaves a popular, caffeine—containing S American beverage; used medicinally as stimulant for
fatigue, depression, pains.

Juniperus communis and other spp. (junipers); Cupressaceae—low, evergreen coniferous shrub to small tree, temperate and boreal
coniferous forests, northern hemisphere; “berries” used as flavoring for gin and meat dishes; in Poland fermented into beer.
Lactarius deliciosus s.I. (saffron milk cap); Russulaceae—orange mushrooms growing under conifers in Eurasia and Africa; used

in the traditional cuisine of E Europe, N Africa, Spain, France and parts of China.

Ledum spp. (syn. Rhododendron spp.) (Labrador—tea, trapper’s tea); Ericaceae—evergreen broad—leaved shrub of acidic peat
bogs and muskeg, circumpolar; leaves harvested and used as beverage tea widely across boreal and temperate N America.
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Leptospermum scoparium (manuka, or tea tree); Myrta acea shrubs or tall trees of New Zealand forests; sugary gum eaten by
Maori and highly regards; leaves used as a tea, similar to green tea.

Manilkara zapota (chicle, sapodilla); Sapotaceae—broad—leaved tree of tropical forests, Mexico, C America; latex from wild
trees used as gum base in chewing gum.

Mentha arvensis and related spp. (wild mints); Lamiaceae—herbaceous perennials of temperate regions, moist prairies and
slopes; leaves widely used as beverages and flavorings.

Morchella spp. (morels); Morchellaceae—mushrooms of temperate deciduous and coniferous forest, throughout northern
hemisphere; also Australcedrus chilensis forests of Argentine, Chile; highly valued and widely gathered and exported as
specialty food.

Parkia speciosa, P. africana; Fabaceae—both green and mature seeds and the fleshy pulp surrounding them are used in various
vegetable dishes in S, SE Asia and parts of Africa.

Picea glauca, P. mariana and related spp. (spruce); Pinaceae—evergreen trees of N temperate and boreal regions; hard old
sap/pitch chewed like gum, boughs used for beverage, rich in Vitamin C.

Pinus spp. (pines); Pinaceae—evergreen coniferous trees of N temperate regions, Mediterranean, Middle East; inner bark
removed in spring and eaten by many local and Indigenous peoples in the past.

Pleurotus ostreatus and other spp. (oyster mushrooms); Pleurotaceae—mushroom growing on living and rotting wood in
temperate deciduous and coniferous forest, throughout northern hemisphere; highly valued and widely gathered and exported
as specialty food, also cultured.

Phoenix sylvestris (wild date palm); Arecaceae—palm tree of tropical forests, India; sap rendered into sugar.

Polypodium glycyrrhiza (licorice fern); Polypodiaceae—small patch—forming fern of rocky outcrops and tree trunks, W N
America; rhizomes used as sweetener and flavouring by Indigenous peoples.

Prosopis glandulosa (honey mesquite); Fabaceae—tall shrub of desert regions; SW N America and N Mexico; pods harvested,
pounded into meal and eaten (seeds actually discarded).

Sassafras albidum (sassafras); Sassafrasaceae—deciduous tree of temperate hardwood forest, E N America; bark from wild trees
long used as flavoring for soups and confections and as beverage tea.

Tricholoma matsutake, T. magnivelare (pine mushrooms, matsutake); Tricholomataceae—mushrooms of temperate coniferous
forests, various spp. throughout northern hemisphere, prized especially in Japan; large quantities exported from NW N
America to Asia.

Tuber melanosporum, T. aestivum and other spp. (truffles)—subterranean fungi of deciduous woodlands, especially beech woods,
France, Italy, U.K.; high value food and condiment in European (especially Italian and French) cuisine.

Wasabia japonica (wasabi); Brassicaceae—pungent root of this and related spp. used as a condiment in Japan and Korea.

Flowers

Bassia latifolia (mohua); Sapotaceae—a tree, E India; the succulent flowers fall by night in large quantities from the tree, are
gathered early in the morning, dried in the sun and sold in the bazaars as an important article of food; also important food of
Chenchu hunter—gatherers.

Centaurea cyanus (cornflower); Asteraceae—Europe; flowers raw or cooked.

Sambucus nigra (black elder); Caprifoliaceae—a large shrub; deciduous temperate forests of Eurasia; flowers used to make
cordials, syrups, wines, or fried in batter in many European countries.

Hemerocallis (day lily); Liliaceae—perennials, grasslands and rocky outcrops, mainly in Asia; fleshy flower petals of many
species used raw or dried as a vegetable in E Asian cuisine, most commonly in China.

Taraxacum officinale (dandelion); Asteraceae—perennial of Eurasian origin, now cosmopolitan in meadows and lawns, in Poland
flowers are boiled with sugar to produce honey-like substance.

Sesbania grandiflora; Fabaceae—a small tree, SE Asia, flowers widely used as a vegetable.

Polygonum tubers were also known as an emergency food in 100 g fresh weight (Kuhnlein and Turner, 1991). Other major
Scandinavia, Switzerland and Germany (Eidlitz, 1969). Poly-  root vegetables, many of them still being used but to a lesser
gonum species have a particularly high vitamin C and carotene  extent than in the past, include certain ferns (e.g., Dryopteris
content. For example, P. bistorta has 158 mg vitamin C per expansa, wood fern), and flowering plants in the arum family
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(Araceae), sedge family (Cyperaceae), lily family (Liliaceae),
cattail family (Typhaceae), celery family (Apiaceae), aster fam-
ily (Asteraceae), legume family (Fabaceae), purslane family
(Portulacaceae) and nightshade family (Solanaceae), among
many others. Some of these families (e.g., Liliaceae, Apiaceae,
Solanaceae) also contain highly toxic metabolites and some
need special preparation to render them edible (cf. Johns and
Kubo, 1988). People harvesting wild roots (and any wild grow-
ing species) for food need to be extremely careful in identifying
and preparing them (Turner and Von Aderkas, 2009). There is
yet another concern about harvesting underground organs of
wild plants from natural ecosystems: some of them are slow
growing species (e.g., Corydalis, Lilium, Erythronium, Polygo-
natum) growing in high competition environments and harvest-
ing larger amounts may endanger local populations.

As major storage organs of plants, root vegetables typically
contain carbohydrates that are usually at their highest density
at the end of the leaf-growing season, before new shoots ap-
pear. Carbohydrates can be present in a variety of forms and
flavors, and may not always be readily digestible for humans.
Some traditional root vegetables, like camas bulbs (Camassia
spp.) and onions (Allium spp.) in Liliaceae, and balsamroot (Bal-
samorhiza sagittata) and thistles (Cirsium spp.) in Asteraceae,
contain large proportions of inulin, a complex carbohydrate that
becomes sweet upon cooking due to a partial conversion to the
sugar fructose. Some of these species are traditionally cooked
in underground pits, or earth ovens, flavored with various types
of plants that also apparently enhance their conversion to fruc-
tose and fructans (Peacock, 1998; Konlande and Robson, 1972).
Many other root vegetables can also be pit-cooked, and this is
an excellent method of preparing them for a feast or for drying
for storage. If the skin of root vegetables is consumed, it can
be a good source of mineral nutrients. Usually, root vegetables
provide only small amounts of vitamins in a 100-gram portion.
They are typically eaten with fish, meat or fat of some type
(Kuhnlein and Turner, 1991).

B. Edible Greens (Leaves, Stems, Shoots, Including
Marine Algae)

Hundreds of different wild plant species produce tender, ed-
ible shoots and leaves, especially in the spring or at the begin-
ning of their growing season. Potentially a high percentage of
a flora yields edible greens. Out of Polish vascular plant flora
(3,000 species) at least a third was used as wild greens in some
country of the world. Some, like thimbleberry and its relatives
(Rubus parviflorus, Rubus spp.) and cow-parsnip (Heracleum
maximum), can be eaten raw, after being peeled, whereas others,
like stinging nettles (Urtica dioica), must be steamed or cooked
in some way. Many green shoots, such as fireweed (Chame-
rion angustifolium) and horsetails (Equisetum spp.), as well as
those mentioned previously, grow from branching rhizomes and
form extensive patches. They can often be harvested several
times over a season, in a manner similar to asparagus (Aspara-
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gus officinalis—which also has wild-harvested relatives). Other
types of leafy edible greens, like lambsquarters (Chenopodium
spp.), amaranths (Amaranthus spp.), purslane (Portulaca oler-
acea) and mustards (Brassica spp., Sisymbrium spp. and oth-
ers), are weedy annuals, often growing in disturbed ground. In
Mediterranean Italy several assemblages of especially spring
tender leaves are collected under collective names such as pistic
or litum, frita in Northeastern Italy (Paoletti et al.,1995; Dreon
and Paoletti, 2009) or prebuggiun or preboggion) in Liguria
(Bisio and Minuto, 1997, 1999).

In the Southwest United States and Central America (as well
as in other places), these weedy greens, called quelites, are left
growing amongst cultivated crops like maize and squash, pro-
viding the farmers with a greater variety of food from the same
site, and thus a wider range of nutrients. (Bye, 1981) Most edible
wild greens have high moisture content, and contain carotene
and other vitamins (vitamin C and folic acid) and minerals such
as iron, calcium, magnesium, are also high in antioxidants, etc.
(Kuhnlein and Turner, 1991; Sacchetti et al., 2009).

Marine algae, or seaweeds (now considered to be in their own
kingdom, but included here with edible greens), have been used
by virtually all coastal peoples, and are sometimes traded to
interior regions. Still widely used at present in many parts of the
world, they are rich sources of vitamins and several minerals,
particularly iodine. Some algal species can be difficult to digest
unless specially processed. A few species, like Japanese nori
(Porphyra spp.), have been domesticated and are produced com-
mercially, but in most cases, people are still using wild-growing
species (Turner, 2003). As with the root vegetables, some edible
wild greens have toxic look-alikes, and people have been seri-
ously poisoned, for example, by mistaking the highly poisonous
false hellebore (Veratrum viride) for the edible shoots of false
Solomon’s-seal (Maianthemum racemosum) (Turner and Von
Aderkas, 2009). Many edible greens are particularly important
for their vitamin C content in the spring, and can be used to
prevent and alleviate scurvy.

C. Berries and Other Fleshy Fruits

Wild berries and other fleshy fruits (including drupes, pomes,
and aggregate fruits) are perhaps the most favored group of edi-
ble wild plants, and probably the most frequently used today, at
least by contemporary Indigenous people of Canada (Kuhnlein
and Turner, 1991). They include very sweet and juicy species
like wild strawberries (Fragaria spp.), Saskatoon berries (Ame-
lanchier alnifolia), blueberries and huckleberries (Vaccinium
spp.), salal berries (Gaultheria shallon), blackberries and rasp-
berries and their relatives (Rubus spp.). Other types are more
tart, but nevertheless flavorful: crabapples (Malus spp.), wild
cherries and plums (Prunus spp.), gooseberries and currants
(Ribes spp.), lingonberries (Vaccinium vitis-idaea), bog cranber-
ries (Vaccinium oxycoccos and related species), and highbush
cranberries (Viburnum spp.). Many of these are the wild ances-
tors of diverse cultivated fruits, and some, like lingonberry and
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cloudberry, or bakeapple (Rubus chamaemorus) from the boreal
forests and muskegs, are used commercially as wild-harvested
species. Some fruits, like kinnikinnick berries (Arctostaphylos
uva-ursi), rose hips (Rosa spp.), and crowberries (Empetrum
nigrum) are little eaten today, but are still important in some
situations, such as for those stranded in remote areas in the
wintertime, since they remain on the plants over the winter.
One very special wild fruit for Indigenous Peoples in west-
ern North America is called soapberry (Shepherdia canadensis;
Elaeagnaceae). It contains small amounts of saponin, a natural
detergent, and can be whipped with water and a bit of sweetener
into a frothy confection resembling whipped egg whites, and is
still eaten today as a special treat (Turner and Burton, 2010).
Most wild fruits are good sources of ascorbic acid (Vitamin C);
some, such as rose hips, are exceptionally high in this important
nutrient. Cranberries and wild blueberries are now recognized
for their antioxidant flavonoids, which have therapeutic proper-
ties and are used as nutriceuticals (McCune, 1999). Fruits can
also contain unexpectedly high amounts of other nutrients such
as calcium, vitamin A as carotene, and folic acid (Kuhnlein and
Turner, 1991).

D. Grains, Seeds, and Nuts

Edible wild seeds, nuts and grains include wild-rice (Ziza-
nia aquatica and related spp.), amaranth (Amaranthus spp.),
oak acorns (Quercus spp.), hazelnuts (Corylus spp.), black wal-
nuts (Juglans nigra), hickory nuts (Carya spp.), wild sunflower
(Helianthus spp.) and pine seeds (Pinus spp.), among numer-
ous other species. Some types, like acorns, must be thoroughly
processed by leaching and cooking to remove bitter-tasting tan-
nins before they are edible. (Some species of oaks, such as the
“white oak” group, have acorns with much lower levels of tan-
nins.) Nuts have hard outer shells that must be cracked off to
extract the edible kernels. Some also have spiny or prickly husks
that have to be removed. In the past, people have sought nuts and
seeds, already dehusked, from the caches of small mammals.

Wild grains, the one-seeded fruits of grasses (Poaceae), are
similar in their nutritional properties to many domesticated
types. (The grass family includes some of our most important
worldwide economic plants, such as wheat, barley, rye, maize,
rice, and other cereal grains, bamboo, and sugar cane.) After har-
vesting, grains usually require threshing to remove their outer
covering, or chaff, and then the kernels can be parched and
ground into an energy-rich meal. Many different peoples have
harvested and sometimes tended wild grasses for their grains.
For example, sea lyme grass, or strand-wheat (Elymus arenar-
ius) was a cereal grain of the Vikings. Its carbonized grains occur
in Viking archaeological sites of Iceland and Greenland, and it
was introduced long ago by Vikings to Newfoundland in eastern
Canada. The Timbisha Shoshone of the American Great Basin,
aswell as the Kumeyaay of California and other Indigenous Peo-
ples, sometimes broadcast grains of rice-grass (Achnatherum
hymenoides; syn. Oryzopsis) and other grass species in recently
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inundated river edges or moist hollows, and also occasionally
burned over grasslands to maintain open habitats for grasses and
other prairie species (Fowler, 2000). Other wild grass species
used for their grains include blue grama (Bouteloua gracilis),
Canada wild rye (Elymus canadensis), June grass (Koeleria
cristata), muhly (Muhlenbergia spp.), panic grass (Panicum
spp.), and sand drop-seed (Sporobolus cryptandrus) (Kindscher,
1987).

Wild-rice is probably the best known wild-harvested grain
in North America. Along with sunflower (Helianthus annuus) it
is one of the truly North American grains that has gained com-
mercial importance in world markets. It has been harvested by
many Indigenous Peoples of eastern North America since pre-
historic times. One group, the Menominee, is named after this
grain, which is called “menoomin.” Some people traditionally
sowed the wild-rice, whereas others let it seed itself naturally.
It grows in standing water along the edges of quiet rivers and
lakes. The grains are harvested from the water, with people—
usually women—hitting the fruiting heads with a stick to knock
the grains off into the bottom of the canoe. The harvested grain
is dried on mats or over a fire, the hulls thrashed off by tram-
pling, then the hulled grains winnowed by tossing them on a
tray in the breeze or by fanning them, to separate out the chaff.
The grain can then be stored in sacks or underground caches for
future use, or for trade or sale. Wild-rice can be prepared and
served in many different ways. Often it was cooked in soups, or
boiled with meat, fish, roe, or with blueberries or other fruits.
One favorite dish is wild-rice, corn, and fish boiled together.
The cooked grain can also be eaten plain, boiled or steamed,
and eaten with sweets such as maple sugar (Jenks, 1977; Kuhn-
lein and Turner, 1991; Nabhan, 1989). Wild-rice is now being
marketed by some Indigenous groups, such as the Anishenaabe
(Ojibwa), and has been made famous as a Slow Food Presid-
ium product through the work of Anishinaabe activist Winona
Laduke, founding director of the White Earth Land Recovery
Project in Minnesota, USA (http://nativeharvest.com/).

Nuts, seeds, and grains are generally known to be good
sources of protein, fat, carbohydrates, vitamins, and minerals.
In some cases, oil can be rendered from various seeds and nuts,
making them particularly good energy sources. Nuts are also
good sources of minerals, such as iron, the B-vitamins, and
amino acids. Cooking tends to enhance their digestibility and
nutrient availability.

E. Other Edible Plants, Mushrooms, Lichens, and Algae
Other wild species used as food include dozens of marine
algae, numerous edible fungi, a few species of lichens, the inner
bark, cambium and liquid sap of trees, including the famous
sugar maple (Acer saccharum and other spp.). Few studies have
been done on the nutrient content of wild mushrooms, but wild
species are probably comparable in their nutrients to commer-
cially available types (Kuhnlein and Turner, 1991). They contain
small amounts of sugar and large amounts of microelements.
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The mushrooms of the family Boletaceae, commonly harvested
in many countries, contain proportionally high amounts of pro-
tein. Among the best known wild-harvested fungi are truffles
(Tuber melanosporum, T. aestivum and other spp.), which are
a high-value food and condiment, especially associated with
French and Italian cuisine. These subterranean spore-bearing
organs are sought by specially trained dogs, or sometimes pigs,
from the beech and other forests of several European coun-
tries. In Japan, matsutake (Tricholoma matsutake) and its North
American counterpart, T. magnivelare, are similarly highly val-
ued fungi, mainly of conifer forests, whose harvest is both com-
mercial and a culturally valued activity. Many people, especially
in parts of Europe, Russia and North America, enjoy harvesting
wild mushrooms like chanterelles (Cantharellus) and morels
(Morchella) as a recreational activity.

Edible inner bark tissues include those of conifers like hem-
lock (Tsuga spp.), spruce (Picea spp.), firs (Abies spp.) and
pines (Pinus spp.), as well as cottonwood (Populus balsam-
ifera), alders (Alnus spp.) and other deciduous trees (Turner et
al., 2010). These tissues were harvested by removing patches of
bark from living trees, usually in the springtime, and scraping
the edible tissue from the inside of the bark or the outside of the
wood. There is little documentation of nutrient content of these
foods, but many are sweet tasting, and probably have a high sap
content, and therefore high energy values in the form of sugars.

Many plants are also used to make beverage teas. Some of
these, like Labrador tea (Ledum palustre and related spp.; Er-
icaceae), field mint (Mentha arvensis; Lamiaceae) and yerba
buena (Satureja douglasii; Lamiaceae), are highly aromatic.
Teas from plants are often taken as medicines or tonics as well
as regular beverages. Many aromatic plants are also used to
sweeten or to flavour other beverages and foods during process-
ing or cooking. For example, salal leaves (Gaultheria shallon)
are used in pit-cooking root vegetables in western North Amer-
ica (Turner, 1995). Several species of the mint family (Lami-
aceae) are used as culinary herbs in soups and stews, as are some
species of the celery family (Apiaceae) such as Indian celery
(Lomatium nudicaule) greens and seeds. Some of these plants,
as well as some aromatic plants in the aster family (Asteraceae;
e.g., Artemisia spp.), have also functioned as preservatives for
meat and fish. Flower petals and nectars are sometimes sought,
especially by children, and people also chew the gums or resins
of a number of different trees for pleasure. Flowers are high
moisture-containing foods, usually low in protein and fat, but
some can be remarkably rich in vitamin A as carotene or vitamin
C.

Ill. TENDING AND MANAGING WILD PLANTS

Many edible wild plants are “pioneer” species, well adapted
to disturbance from forest fires, floods, soil disruption and
browsing by animals. Ancient humans, as well as our Nean-
derthal and primate relatives, must have observed the enhanced
growth of leafy plants in floodplains or wetlands, the high pro-
ductivity of berry bushes and strawberries following forest fires
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(Boyd, 1999; Paoletti et al., 2007), or the ability of wild fruit
trees and bushes to produce more fruit in succeeding years when
their branches are broken back. Studying the habits of bears,
monkeys and other animals must have been especially help-
ful for humans learning about edible species—how to harvest
them, and how their productivity and quality could be promoted
through small-scale disturbance. In fact, some of the earliest
human foods are the same as those sought by other omnivores:
inner bark of trees, various types of greens, starchy roots, seeds
and grains, and sweet-tasting, juicy fruits. Furthermore, humans
may have developed methods of storing seeds, nuts, roots and
fruits based on watching squirrels and other rodents, as well
as various birds, caching their winter food supplies. Humans
have learned to exploit some of these animal caches to obtain
ready-harvested food.

The knowledge that Indigenous peoples and others long-
resident in particular places have acquired and developed about
their environments and ways of using their resources sustain-
ably is part of a complex system, commonly termed “Traditional
Ecological Knowledge.” Traditional Ecological Knowledge, or
TEK, is defined as “A cumulative body of knowledge, practice,
and belief, evolving by adaptive processes and handed down
through generations by cultural transmission, about the relation-
ship of living beings (including humans) with one another and
with their environment” (Berkes, 2008). This knowledge system
incorporates, for many peoples, practical knowledge relating to
sustainable use of plant resources, including edible wild species.
This practical knowledge is embedded in particular worldviews
or belief systems that often place humans within (rather than
superior to) other species, and therefore foster greater care for
other species. For example in harvesting bark from trees, people
are often careful to harvest bark only partially around the trunk
so as not to kill the tree, since it is seen not just as a resource,
but as a living being, to be respected and preserved if at all
possible (Turner et al., 2009). The first berries and greens of the
season are sometimes recognized and celebrated with a “First
Foods” ceremony and a feast, such as the special ceremony for
the black huckleberries (Vaccinium membranaceum) held by the
Okanagan and other Indigenous Peoples of the Interior Plateau
of western North America. Traditional Ecological Knowledge
systems also incorporate means of communicating and trans-
mitting environmental knowledge including information on the
harvesting, processing and sustainable use of edible plants, their
seasons and cycles of production, their habitats and their use by
other species.

People have developed many different strategies for main-
taining and enhancing these foods (Anderson, 2005; Deur and
Turner, 2005). Some of these techniques include: clearing and
burning areas to create more open and patchy environments
to promote a higher diversity and greater productivity of key
species, such as with camas (Camassia spp.), huckleberries
(Vaccinium spp.) and wild raspberries and their relatives (Rubus
spp.); partial and selective harvesting, especially of inner bark
of trees, root vegetables and wild greens; pruning and coppic-
ing (cutting back to the ground level) of certain species like
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oaks (Quercus spp.), blueberries (Vaccinium spp.), salmonber-
ries (Rubus spectabilis) and hazelnuts (Corylus spp.); fertiliz-
ing and mulching with various organic remains; and habitat
modification, such as digging, weeding, thinning and replant-
ing in the traditional root gardens of the estuarine tidal marshes
along the Northwest Coast of North America (to produce larger
quantities of northern riceroot (Fritillaria camschatcensis), sil-
verweed (Argentina egedii) and springbank clover (Trifolium
wormskjoldii); and focused ownership and stewardship of pro-
ductive patches (Balée, 1994; Dear and Turner, 2005; Turner et
al., 2005; Turner et al., 2009). Seedlings of wild fruit trees are
often left in field margins or specially protected in the forest.
For example in the Carpathians, wild cherry (Prunus avium)
trees were often spared from cutting for fuel and left in at the
edges of fields where other species of trees were not allowed to
grow (Marciniak, 2008). In lowland Poland wild pears (Pyrus
pyraster) had a similar role, as did Pacific crabapple trees on the
Northwest Coast of North America (Turner and Peacock, 2005).
In the Amazon several wild plants are protected and their dis-
semination facilitated by spitting the seeds of fruits along the
tracks in the forest, increasing the probability of the dissemi-
nation of selected fruit plants such as Paurouma cercopifolia
or Duguetia lepidota (Paoletti, 2004) in places accessible to
villagers.

The end result of these practices is an entire set of different
edible plant species that can be considered partially domesti-
cated (semi-domesticated), or at least that live in habitats that
are tended, or domesticated: “ethnoecosystems.” One could ar-
gue that such habitats are simply a stage in a “progression” to
domestication and more intensive agriculture, yet many of these
ethnoecosystems have remained in place as stable and produc-
tive systems for thousands of years, and are best regarded sim-
ply as another form of cultivation in a wide range of different
practices and strategies of food production (Deur and Turner,
2005).

Many Indigenous and local peoples around the world still
harvest and depend upon edible wild species (Kuhnlein et al.,
2009, in press). However, even in relatively remote regions like
the Canadian Arctic, indigenous dietary constituents are being
displaced with marketed foods. Research is showing that diets
of highly processed foods, with excessive refined carbohydrates
and saturated fats are not healthy; combined with changes in
peoples’ lifestyles, they are leading to high rates of obesity, dia-
betes, and heart disease, particularly in Indigenous populations
(Kuhnlein et al., 2009).

Some may think that wild-growing foods are no longer rele-
vant for modern humans. However, there are many reasons why
we need to retain the rich knowledge of the food systems of In-
digenous peoples and of those who were the ancestors of all of
us. Furthermore, many locally growing foods are central to peo-
ple’s cultures and cultural identity and in these cases their use is
essential for spiritual and emotional, as well as physical health.
Harvesting and preparing wild foods can bring tremendous plea-
sure to any group of people, for example, in family harvesting
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expeditions for wild berries, mushrooms or edible seaweeds.
Extra harvests can be preserved and stored for later use, to be
shared at family gatherings or as gifts. These wild foods also
provide dietary diversity, which is important for good nutrition
(Kuhnlein et al., 2006; 2009; in press). Furthermore, at times of
emergency, such as for hikers or others stranded in remote places
without access to other food, wild foods can still save lives. Wild
species also serve as fundamental sources for genetic research
and the development of new domesticated crops.

Perhaps most importantly, continued knowledge and use of
edible wild species keeps us connected to our environments,
and therefore promotes ecological awareness and ecological
integrity. Ethnoecosystems are generally high in biological di-
versity, and serve as indicators for a healthy environment, with
intact, diverse and resilient relationships between humans and
other species. They contribute to both ecological and social
sustainability. In short, understanding the ways in which indige-
nous and local peoples manage, maintain and enhance many
wild-growing species, working with natural processes and nat-
ural interconnections (Senos et al., 2006), can help all of us to
sustain and restore our critically important environments and
habitats.

IV. WILD FOOD PLANTS IN DIFFERENT ECOSYSTEMS

Main types of food plants (e.g., those yielding edible leaves,
fruits, or starchy underground parts) can be found in all types of
ecosystems. However, the proportions across edible lifeforms
are different. Temperate deciduous forests and steppes yield
large quantities of succulent green shoots in spring, whereas in
arid ecosystems plants to protect themselves from herbivores a
greater extent by producing alkaloids and other chemical deter-
rents and such armour as prickles and thorns. Thus, even in a
rainy season they are likely to be less palatable than species
growing in ecosystems with more rainfall. In southern Eu-
rope, many bitter-tasting Asteraceae species have been eaten in
rural communities (e.g., Leontodon, Cichorium, Hypochaeris,
Sonchus), whereas these same species were usually passed by
as edible plants further north in Europe, where there was usu-
ally a sufficient supply of less bitter green shoots and leaves of
plants (e.g., Urtica, Chenopodium, Aegopodium) to be found in
the grasslands and fields. This difference in use of bitter tasting
plants may represent a cultural choice, but the primary underly-
ing reason for variation may be the availability of green shoots
in a particular landscape.

In the tropics, although there is enough moisture, the leaves
of most plants are large, hard, and waxy. In Amazon, leaves of
plants play a minor role in human nutrition, whereas in South-
east Asia many different green vegetables are utilized. However
these are mainly of plants growing in disturbed sites or wetlands,
as these species generally have more delicate, succulent leaves.
Actually, the utilization of aquatic plants has yet another ad-
vantage: many genera of aquatic plants (e.g., Typha, Sagittaria,
Schoenoplectus) have very broad geographical ranges.
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Plants with parts high in carbohydrates are particularly im-
portant in the history of human nutrition. A major source of
food energy, they have been vital for survival of many hunter-
gatherer groups, just as they are for agrarian peoples. Under-
ground storage organs such as true roots, bulbs, rhizomes and
tubers that are rich in starch or inulin should be mentioned at
the outset. They are particularly abundant in biota displaying
strong seasonal dynamics, e.g., savannah, steppes, and temper-
ate forests. Thus, underground storage organs have been im-
portant staples for many peoples of North America, Siberia,
and Central Asia, as well as hunter-gatherers of the Kalahari.
In tropical forests where little biomass is stored underground
the starch-rich staples generally occur above ground, for exam-
ple in the pith of palms and cycads. “The heart of the palm”
and sago are among the most important plant staples for forest-
dwellers of the tropics. As with green shoots, aquatic ecosys-
tems yield underground starchy organs everywhere in the world,
and such genera as Typha, Nuphar, Nymphaea, Trapa, Scirpus,
Schoenoplectus, Nelumbo and/or Sagittaria have been widely
utilized across different climatic zones. Their ubiquity may have
made aquatic and marsh plants a particularly attractive kind of
wild food. For foraging bands arriving from a different area,
these plants would have represented a reservoir of already rec-
ognized food. Aquatic ecosystems are also most productive.
Harvesting aquatic plants may thus be more efficient than har-
vesting from other ecosystems (Szymahski, 2008), ultimately
enhancing the importance of these species. One of the most
productive wild food plants is cattail or bulrush (Typha). Typha
species were utilized by such broad spectra of cultures as: Na-
tive North Americans, Indigenous peoples of Siberia, Chinese,
Thai, Cossacks, Egyptians, and the Tuaregs of the Sahara. The
starchy rhizomes of waterlilies from the family Nymphaeaceae
were also an important source of nutrition, at least in times
of famine, for Native Americans, inhabitants of Polesie re-
gion between Belarus and Ukraine, and Australian Aborigines
(Hedrick, 1972).

Plants yielding dry fruits and seeds were relatively more im-
portant in traditional economies than fleshy fruits. They were
easier to store and contain larger amounts of fats, proteins and
starch, as compared with the higher quantities of simple sug-
ars in fleshy fruits. Thus, seeds and nuts were a more “filling
source” of food, allowing them to become staples, rather than
snacks, additives or famine foods. Dry fruits and seeds capable
of sustaining human populations can be found in various biomes:
dry and wet, hot and cold. Specialized Indigenous economies
evolved around utilizing the most productive of these seeds, e.g.,
Zizania aquatica, Quercus spp., Pinus spp., Carya spp. in North
America, Trapa natans in prehistoric Europe, and Corylus spp.
in both *“Old” and “New” Worlds.

The use of many of these wild foods, as noted earlier, has
declined dramatically in many parts of the world. Is it possi-
ble to go back to gathering some of these wild-harvested foods
that were so important to peoples of the past? In theory, yes.
But their productivity is usually a fraction of that of modern
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crops, and many of the habitats where they once occurred in
abundance have been eroded by urban and industrial develop-
ment. Thus, special consideration should be taken concerning,
for example, their conservation. Wild plants also generally have
higher concentrations of alkaloids and other plant metabolism
products, which make them good candidates as “nutriceuticals,”
to be eaten in small amounts as herbal medicines. In the Mediter-
ranean region the wild collected plants have a very high antiox-
idant content making them an important defense against cancer
and cardiovascular diseases (Vanzani et al., 2010, Sacchetti et
al., 2009). However, these same phytochemicals may pose haz-
ards to health when larger amounts are consumed (Turner and
Von Aderkas, 2009).

In the history of human science there have been many schol-
ars who tried to popularize the use of “new crops” of wild origin.
Undernourishment has been a universal phenomenon right up to
the present day, and many attempts have been made to alleviate
it. As Maurizio (1927) reports, German and Austrian authorities
organized large-scale wild food plant collection schemes during
World War I. Even soldiers were fed Typha products. How-
ever, after the war the population reverted to “normal” nutrition.
This attitude can be explained by the so-called optimum forag-
ing model. A given population uses a resource which is most
nutritious and common. Once this resource becomes scarcer
the people switch to the next in terms of harvesting opportu-
nities and caloric efficiency. In North America large tracts of
deciduous forests are used for sugar maple production, mainly
from Acer saccharum. In Europe the utilization of tree sap has
been recorded in most countries and in the Austro-Hungarian
Empire attempts were even made to produce sugar on an in-
dustrial scale from European maple species (probably mainly
Acer pseudoplatanus). However these efforts were abandoned.
Why? Probably this was due to a few factors working together.
In North America sugar maple is a dominant species in many
areas, whereas in European forests maples usually form only
an admixture. Secondly, the sugar content in maples other than
Acer saccharum is generally lower. Thirdly, Europe is a densely
populated continent, and fuel wood has a higher value than in
more sparsely populated America. For all of these reasons, com-
mercial maple sugar and maple syrup production in Europe has
not been successful.

A. Basic Patterns of Utilization of Wild Food Plants in
the World

The use of all parts of plants (fruits, flowers, shoots, un-
derground organs) is documented in all major climatic zones.
However, the proportion of species utilized in different ecosys-
tems may differ depending on the spectrum of life forms in a
given climatic zone (e.g., more underground organs would be
utilized in savannahs than in tropical rainforest ecosystems).

The kinds of edible plant organs used have changed across
human history. Foragers used primarily starchy organs and
fruits. They had access to large tracts of land, so could restrict
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themselves to using the most nutritious species. Agriculturalists
have used relatively more green parts of plants as they usually
have had access to smaller patches of vegetation, sometimes only
their own fields. In this case, weeds growing in fields would be
a primary type of wild food plants used (e.qg., quelites, described
earlier).

The pattern of the use of wild food plants is strongly affected
by culture. For example, in the Amazon or in Eastern Europe
wild green vegetables play a minor role, whereas in East Asia
and India, they are highly prized and large numbers of species
are used.

Aquatic and marsh habitats are ecosystems both particularly
rich in edible plants and particularly productive; they produce
a notable proportion of wild plant foods in many parts of the
world.

V. WEEDS: ROLES IN CULTURES AND
AGROECOSYSTEMS

Farming activity implies a simplification of the environmen-
tal structure and diversity, replacing the natural ecosystem’s bio-
diversity with a limited number of crops and domestic animals,
sometimes only single species (Altieri, 1987). Agriculture has
also had a major influence on the evolution of weedy species—
those particularly adapted to disturbed conditions with a high
capability for colonization of newly cleared but potentially pro-
ductive ground, and of high rates of reproduction and the ability
to maintain their abundance under repeatedly disturbed condi-
tions (Mohler, 2001). From an ecological point of view, weeds
are the pioneers of secondary succession (Bunting, 1960). Agri-
cultural activities have kept plant community succession in its
early stages, and the environmental simplification that has char-
acterized modern agriculture systems creates specialized habi-
tats that favour the selection of highly competitive weeds. These
species are able to adapt and survive under conditions of maxi-
mum disturbance. They often invade and colonize arable fields
and can exploit ecological niches left open in croplands.

A. What Are Weeds in Conventional and Ecological
Agriculture?

Commonly defined, weeds are plants that grow in places
where they are not wanted and, because they often interfere
with the growth of desired cultivated plants (as well as with
some desired native plants, in the case of introduced weeds),
they sometimes need to be controlled or managed. Weeds are a
major source of competition with crops for light, water, air, and
nutrients (Pfeiffer, 1970), and in conventional cropping systems
most weeds are considered to be detrimental, because of this
competition as well as sometimes hosting insect pests and plant
diseases, thereby reducing yields and quality of crops. Today,
about 250 plant species are universally considered weeds and
the USDA Natural Resources Conservation Services counts 661
records in the “Federal and State Invasive and Noxious Weeds”
database (http://plants.usda.gov/java/noxComposite). Thus, it is
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not surprising that in the 2004 global sales of agrochemicals
amounting to US$32,6 billion (Euro 26,785), herbicides ac-
counted for 45.4% of the total pesticide market (Agrow, 2005),
and the consumption of herbicides in 2001 was 118.286 tonnes
in the European Union (FAO, 2009).

However, weeds can also have a positive effect in agroe-
cosystems. In ecological and organic agriculture, weeds are not
controlled with chemical herbicides but through a “systems ap-
proach,” in which weed management and agriculture are consid-
ered as part of the milieu of interactions that may be categorized
as social, economic, and environmental (Swanton and Murphy,
1996). The goal of the ecological agriculture is not to eliminate
weeds but to manage them. In fact, in balanced and complex
ecosystems weeds do not exist as negative entities, as they are
part its components. In the EU organic regulation and IFOAM
norms, weed management is based on prevention methods: “The
prevention of damage caused by pests, diseases and weeds shall
rely primarily on the protection of natural enemies, the choice
of species and varieties, crop rotation, cultivation techniques
and processes heat” (from Reg CEE 834/07 art. 12 g). “Organic
farming systems apply biological and cultural means to prevent
unacceptable losses from pests, diseases and weeds. They use
crops and varieties that are well-adapted to the environment and
a balanced fertility program to maintain fertile soils with high
biological activity, locally adapted rotations, companion plant-
ing, green manures, and other recognized organic practices as
described in these standards” (from IFOAM Basic Standards
2005, 4.5 Pest, Disease, Weed, and Growth Management, Gen-
eral Principles).

Increasing crop species diversity per se may suppress weeds.
Differences in height, canopy thickness, rooting zone and phe-
nology are likely to influence crop and weed interactions. Con-
cerning the weed flora in the field, a more equilibrated com-
munity tends to evolve in time under organic management. A
long-term study comparing organic vs. conventional agriculture
in Tuscany showed that in organically managed agroecosystems
the biodiversity of weeds measured with Shannon index (Shan-
non and Weaver, 1963), both for weed density (number of plants
m~2) and biomass (g m~2) of each species, increased over time
since conversion from conventional methods and was higher in
organic farming systems than in conventional systems treated
with chemical herbicides, which resulted in a maximum dis-
crepancy for the weeds’ biodiversity (Migliorini and Vazzana,
2007).

B. The Ecological Role of Weeds

Weeds often have some negative effects on crops. Further-
more, some weeds—especially those that are introduced and
invade the niches of corresponding native species—are nox-
ious and harmful to many indigenous species and natural habi-
tats. Much has been written about the harmful effects of weeds
when introduced as invasive aliens (Croshy, 1986). Never-
theless, many weeds are important biological components of
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agroecosystems that may actually benefit crop plant communi-
ties. Natural habitats host wild populations of cultivated plant
ancestors that often contain useful genes absent in the pool gene
of their domesticated counterparts. As wild relatives of culti-
vated plants, many weeds can be considered important sources
of biodiversity (genetic and species diversity) (Hammer et al.,
1997). Weeds are also key components of field margins (hedges,
margin strips and semi-natural habitats associated with bound-
aries and ditches), the presence of which is very important eco-
logically. These edge habitats improve overall biodiversity and
provide habitat, refuge, food and corridors for the movement of
the different species of organisms in the area (Lazzerini et al.,
2007).

Weeds can also protect against soil erosion as a natural
cover crop (Gliessman et al., 1981). The cover of the spon-
taneous vegetation improves infiltration, enriches the soil water
reserves, and reduces run-off of pesticides and excess nutrients
(Swanton and Weise, 1991), as well as increasing soil qual-
ity through promoting microbial activity and diversity (Moreno
et al., 2009). There may also be increased efficiency in nutrient
cycling, with greater numbers and diversity of interacting organ-
isms (Clements et al., 1994). Weeds can act as “catch crops,”
taking up nutrients, preventing nutrient leaching and increas-
ing overall soil quality and fertility. They are also a relatively
important source of organic matter, carbon and nitrogen input
in the soil when their residues and dead roots enter in the soil
process of decompaosition (mineralization) and building activity
(humification).

Spontaneous flora is dependent on the ecological environ-
ment and is good indicator in monitoring environmental pa-
rameters like soil quality. In particular, some groups of plants
are typical of acidic or sub-acidic soils (e.g., Rumex acetosella,
Anthemis arvensis, Stachys arvensis), others of calcareous soils
(e.g., Adonis aestivialis, Nigella arvensis, Papaver rhoeas, Ra-
nunculus arvensis, Sinapis arvensis, Veronica polita, Euphorbia
cyparissias, Bromus arvensis), others of nutrient-rich soils (e.g.,
Amaranthus spp., Chenopodium spp., Euphorbia spp., Fumaria
officinalis, Galium aparine, Mercurialis annua, Rumex obtusi-
folius, Sonchus spp., Solanum nigrum, Stellaria media, Urtica
dioica), of moist soils (e.g., Equisetum spp., Mentha spp., Tussi-
lago farfara, Poa trivialis), or of salty soils (e.g., Chenopodium
spp., Atriplex spp.). Other species tend to be broadly tolerant of
a range of soil types (e.g,. Cirsum arvense, Chenopodium al-
bum, Sinapis arvensis, Fallopia convolvolus). In a biodynamic
approach, weeds having specific effects on environments are
called “dynamic” (Pfiffer, 1950). Stinging nettle (Urtica dioica)
is one of these, as it enhances resistance and enriches nutri-
ents in nearby plants, and stimulates the formation of humus in
the soil. Other dynamic weeds include Scotch grass (Cynodon
dactylon), Autumn hawkbit (Leontodon autumnalis) and field
horsetail (Equisetum arvensis). Weeds can also have an allelo-
pathic effect on the development of other more noxious weeds
(Weston, 1996; Anaya, 1999; Singh et al., 2003; Batish et al.,
2006).
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As pioneer species, weeds tend to create more stable environ-
ments through helping to develop more complex communities
and increasing the competition within ecosystems. Scientific
evidence shows that there are significant interactions between
crops, weeds and insects (Altieri and Nicholls, 2004). Crop-
ping systems affect both weed diversity and the density of the
populations of insect pests and their regulators. In particular,
some weeds at their flowering stage (e.g., those of families Api-
aceae, Fabaceae, Asteraceae) play an important ecological role
by providing shelter and nourishment to a complex of arthropod
natural regulators of pest populations (Altieri, Schoonhoven and
Doll, 1977; Altieri and Whithcomb, 1979, 1980). Weeds serve
as important habitat for beneficial insects, predators and par-
asitoides and also as alternative sources of pollen and nectar
(Altieri and Whitcomb, 1979). Weeds also provide, together
with crop residues, a living mulch that contributes to the de-
tritus food web. By reducing weeds with fire or a broad spec-
trum herbicides it is possible to stimulate detritivores in shifting
their food preference from organic dead insufficient residues to
cotyledons of cereal crops (Paoletti et al., 2007a). Thus, weeds
can be seen from different perspectives depending on the cul-
tural approach, environmental condition and geographical area.
In the past, as well as today in some countries, many of these
weedy plants are significant sources of food, fodder, fibre and
medicine (Liebmann, 2001).

VI. WEEDS IN LOCAL CUISINES

In many areas in Italy and other parts of the world weeds
are still gathered, especially during the spring season, mainly
by the oldest female members of the communities and in rural
areas (Pieroni, 1999). We will briefly illustrate in the following
sections four case studies focusing on four archaic weed-based
soups in Eastern Europe and Northern Italy. Weeds—and wild
growing plants in general—are also sometimes used in the pro-
duction of alcoholic beverages, either as flavorings, or as major
ingredients, such as in dandelion wine (Szczawinski and Turner,
1978).

A. The Original Borsch

Nowadays the Russian name borsh and Polish barszcz des-
ignate a kind of vegetable soup, specifically one made with
beetroots (Beta vulgaris). However in the past this name ap-
plied mainly to a soup made from the young shoots of hogweed,
or cow-parsnip (Heracleum sphondylium) which in Polish bears
the name barszcz and in Russian barshchevnikh.

How did it happen that this shift in the meaning of the name
arose? This issue fascinated professor Jozef Rostafifski, a Polish
botanist from Cracow, who in 1916 published a treatise on the
history of the shift from eating Heracleum to eating beetroots.
Hogweed is reported as an important food plant in Poland in the
sixteenth century. In the herbal of Marcin z Urzedowa (1595)
we can read: “Whoever eats hogweed, moistens his living.. ..
When they make it sour in the Polish way, it is good to drink
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in fevers, thirst, as it alleviates thirst and cholera and it induces
greed for food with its spice.. .. Garnished with egg and butter,
it is good to eat on the days when they do not eat meat soup, as
it works in the same way.”

The use of this plant in Poland and Lithuania was also men-
tioned (as Spondylium) in John Gerarde’s English herbal pub-
lished in 1597. Another old account comes from Syrennius
(1613): “Hogweed is familiar to everyone in our country, in
Ruthenia, Lithuaniaand Zmudz.. .. Itis useful as medicine and
for food is very tasty. Both roots and leaves. However the root
is more useful as medicine and leaves as food.... Leaves are
commonly gathered in May.. . . Soup made with it, as it is made
in our country, Lithuania and Ruthenia, is tasty and graceful. Ei-
ther cooked on its own or with chicken or other ingredients such
as eggs, cream, millet.” Hogweed was the main lacto-fermented
soup of Slavic nations. Hogweed’s young leaves and stalks were
covered with warm water and left for a few days to become sour.
In favorable conditions two or three days is usually enough for
the process. According to a seventeenth century archival menu,
hogweed soup was served for the professors of Jagiellonian
University in Cracow every Wednesday during the period of
Lent and they also ate it as the main soup at Easter (Karbowiak,
1900). What is interesting is that it was called “barszcz made of
barszcz’, suggesting that another kind of barszczsoup was made
with other plants, probably beetroots, which were gradually be-
coming popular as a vegetable (Rostafinski, 1916). Step by step,
beetroots eventually completely eradicated the hogweed in this
soup.

In the 18th century hogweed barszcz was already a rare
food for poorer people only. For example adowski wrote that
“...the vulgar people use hogweed to make a soup called
Barszcz” (Ladowski, 1783). In the same period Jundzit (1799)
gave a description of its use in Lithuania, which was probably
identical to its use in Poland: “They collect young leaves, fer-
ment them in the same fashion as other vegetables and they are
frequently eaten by village people. Or, dried in the shade like
celery, they are kept for further use.” The sudden decline of the
use of Heracleum in the 18th century is documented by the fact
that hogweed soup is not listed in Kluk in his plant dictionary
(1786). This is surprising, as Kluk was very interested in food
plants and he lived in northeastern Poland, in an area adjacent
to Lithuania.

According to Rostafihski hogweed soup ceased to be made
in Poland in the eighteenth or nineteenth century and the last
record of its use in adjacent Lithuania comes from 1845. How-
ever, Moszyhski witnessed it still being made in Russia in the
twentieth century, in fact is still made in some parts of the former
Soviet Union nowadays, particularly in Kamtchatka. The use of
hogweed was also frequently mentioned by Moszynski’s infor-
mants in Belarus (Rostafifiski’s, query in 1883) (Luczaj, 2008a).
In fact hogweed soup was still occasionally, though rarely, made
in southern Poland even up until the early twentieth century in a
few villages of the Beskidy Mountains (Luczaj and Szymanski,
2007; Luczaj, 2008b).
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A plant that disappeared from the Polish menu even earlier is
a relative of hogweed—qground elder, Aegopodium podagraria.
Ground elder was sold in the market of Cracow in medieval times
but later came into disuse (Maurizio, 1927). Its consumption in
the past was documented in only a few villages (Luczaj, 2008a;
Piroznikow, 2008). However its consumption in Belarus was
widespread, at least until the end of the nineteenth century.
The relatively small cultural importance of Aegopodium must
be Poles’ cultural choice as this wild vegetable is widespread
and abundant and was commonly used in some other European
countries (Hedrick, 1919).

In the Ukraine, the name “green borsh” designates any soup
made of green vegetables, e.g., Rumex acetosa, Chenopodium
album and Urtica dioica, which indicates that in the past mixed
soups of many species of wild vegetables could have been more
common everywhere. The above-mentioned wild plants are still
occasionally sold in Ukrainian markets (information from a few
Ukrainian botanists). In some parts of Ukraine (e.g., inthe Uman
area) the use of Aegopodium podagraria for green borsh also
still occurs (Kuzemko, 2008).

In many areas in Italy and other parts of the world weeds
are still gathered, especially during the spring season, mainly
by the oldest female members of the communities and in rural
areas (Pieroni, 1999). We will briefly illustrate in the following
sections three case studies focusing on three archaic weed-based
soups in Northern Italy. Weeds—and wild growing plants in
general—are also sometimes used in the production of alcoholic
beverages, either as flavorings, or as major ingredients, such as
in dandelion wine (Szczawinski and Turner, 1978).

B. “Pistic”: A Blend of Potherbs

The native populations of Friuli Venezia Giulia have al-
ways been tapping, to various degrees, the considerable local
resources of vascular plants, consisting of approximately 3,380
entities (Poldini et al., 2005), in order to assemble and inte-
grate their food stock from season to season. Phytoalimurgia
has had followers in Friuli Venezia Giulia as well as in other
Italian regions, both in the past and in more recent years. A
preliminary survey (Paoletti et al., 1995) carried out in western
Friuli has allowed to rediscover the custom to gather wild vernal
potherbs to prepare a special dish that is known under differ-
ent names depending on its area of origin: pistic (Val Colvera,
in the Prealps of Friuli Venezia Giulia), frita (Carnia), lidum
(Cividale del Friuli).This preparation consists of more than 62
potherbs gathered in field margins, hay meadows, woodlands,
and in the wild; these herbs occur more typically in spring. Most
potherbs included in the pistic are boiled; some are also eaten
raw in green salads or pan-fried with butter or lard or used in
omelettes. The conclusions of this early research unveiled the
pre-Roman Celtic origin of pistic, which has been confirmed by
etymological studies about the names of some of the potherbs
blended in this dish.

However, the revived interest in wild edible vegetable species
led us to undertake further research into the current knowledge
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TABLE 2
Edible plants included in the “pistic” blend.

about this topic in the Carnic Prealps and in the Upper Friu-
lian Plain. This knowledge is still widespread in the area under
investigation and was not reported in previous studies. From

the initial interviews with informants to draft a simple list of Edible parts
the pother_bs gathered for d@etary purposes, also with the aim Plant species Boiled Raw
of preserving and safeguarding the local knowledge about edi-
ble plants, it was finally possible to make an assumption about  Aposeris foetida (L.) Less Lf BI
what the possible origin of such dietary customs could be. The Aristolochia pallida Wild Lf
ecology of the adopted vegetable species and the archaeobotan-  Aruncus dioicus (Walter) Fernald Spr
ical research work published for the Friulian area and the Alps  Bellis perennis L. Lf
in general lead investigators to assume that most of the plants Campanula trachelion L. Lf
that are still consumed for dietary purposes have been so since  Capsella bursa-pastoris (L.) Medicus L. Lf
very ancient times and that new knowledge about the species Cardamine flexuosa With. Lf
used or about any different uses of them has developed over the ~ Cardaminopsis halleri (L.) Lf
decades. In this respect, a very special example is offered by Carum carvi L. Lf Se
Crambe tataria SebeoK, an adventitious naturalized Brassica- Centaurea nigrescens Willd Lf
ceous plant found in the Magredi of the western Upper Friulian ~ Chenopodium album L. Lf
Plain, the only Italian site known to host this species. Recent Chenopodium bonus-henricus L. Lf
research (Cassola Guida, 2006) assumes that this species was Chenopodium polyspermum L. Lf
already present in the Early/Middle Bronze Age (see Table 2).  Cirsium oleraceum (L.) Scop. Lf
Clematis vitalba L. Spr
Crepis capillaris (L.) Wallr Lf Lf
C. “Prebuggiun”: Wild Herbs Used as Food in Liguria Crepis setosa Hall. Lf
Region, Italy Erigeron annuus (L.) Pers Lf
In Liguria the tradition of eating prebuggiun has very an-  Fagus sylvatica L. Lf
cient origins and is widespread in the entire territory of Genoa, Filipendula vulgaris Moench Lf
in particular in the eastern part of this province. It consists Fragaria vesca L. Lf Fr
of a “mixture of wild or semi-domesticated potherbs collected Galium aristatum L. Lf
in cultivated and abandoned fields and used, after boiling, for ~Galium mollugo L. Lf
soups, filling for pies, omelettes and vegetable raviolis (the typi- Hypochaeris maculata L. Lf
cal pansotti) or simply as a side-dish” (Bisio and Minuto, 1999). Hypochaeris radicata L. Lf Lf
Actually, this tradition is popular throughout the Liguria region, Lamium purpureum L. Lf
though under different names. At Levanto, for example, itissim- Leontodon hispidus L. Lf
ply called ‘gattafin,” whereas it is plainly referred to as ‘erbette’  Leucanthemum vulgare Lam. Lf
in the western part of the region. In their attempts to investigate Myosotis arvensis (L.) Hill Lf
this tradition, scientists have often been able to record only the  Ornthogalum pyrenaicum L. Lf, Bl
vernacular names for the herbs used, which are different in the  Oxalis acetosella L. Lf Lf
various areas of origin, and have been confronted with rather Papaver somniferum L. Lf
“individualized” plant collections, based on the collector’s per- Phyteuma spicatum L. Lf, BI
sonal experience and with specific oral transmission that has Plantago lanceolata L. Lf
allowed the handing down of this knowledge. Plantago major L. Lf
Nevertheless, in interviewing people who are still used to Plantago media L. Lf
collecting wild edible plants, as well as through field surveys Polygonum persicaria L. Lf
conducted by ethnobotanists, a fairly complete list of the species  Primula acaulis (L.) Hill Lf
forming the prebuggiun herb collection can be compiled. It Ranunculus ficaria L. Lf Lf
consists of a total of 38 plants, belonging to 15 families, but half ~ Ranunculus repens L. Lf
of which are from Asteraceae (see Table 3). These species share  Rubus ulmifolius Schott Spr Fr
similar morphological, ecological and physiological features; Rumex acetosa L. Lf Lf
they are annual, biennial or rarely perennial herbaceous plants. Rumex obtusifolius L. Lf
Most are hemicryptophytes, with a basal leaf rosette, and range  Ruscus aculeatus L. Lf
very widely in size, depending on their places of origin and Salvia pratensis L. Lf
substrate conditions (Bisio and Minuto, 1997). Silene alba (Miller) Krause Lf
Research studies have investigated the antioxidant properties  Silene dioica (L.) Clairv Lf
of a dozen of wild herbs used to make prebuggiun. Among Silene vulgaris (Moench) Gorcke Lf
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TABLE 2 TABLE 3
Edible plants included in the “pistic” blend. (Continued) Edible plants included in the “prebuggiun” blend. (Continued)
Edible parts Edible parts
Plant species Boiled Raw Plant species Boiled Raw
Sonchus asper (L.) Hill Lf Picris echioides L. Lf
Sonchus oleraceus L. Lf Galium aristatum L. Lf
Stellaria media (L.) Vill Lf Pimpinella major L. Lf Lf
Tamus communis L. Spr Plantago major L. Lf
Taraxacum officinale Weber Lf Lf  Plantago lanceolata L. Lf
Tragopogon pratensis L. Lf Ranunculus ficaria L. Lf, FI Lf, FI
Urtica dioica L. Lf Reichardia picroides L. Lf
Veronica beccabunga L. Lf  Raphanus rhaphanistrum Strobl Lf
Note: FI = Flowers, Lf = Leaves, Spr = Sprouts, Se = Seeds, Fr = Rumex_ crispus L Lf
Fruits él _ Blossoms]. ' ‘ ’ S._angulsorba minor L. Lf Lf
’ Silene alba (Miller) Krause Lf
Silene vulgaris (Moench) Gorcke Lf
them at least six are characterized by radical scavenging activity, Sonchus oleraceus L. Lf
similar or better than those of some foods that are well known  Taraxacum officinale Weber Lf Lf
for their antioxidant properties such as blueberry (Vaccinium  Urospermum dalechampii L. Lf
myrtillus L.) and Verona red chicory [Cichorium intybus L. var.  Urtica dioica L. Lf

foliosum (Hegi) Bishoff] (Sacchetti et al., 2009; Vanzani et al.,
2011).

TABLE 3
Edible plants included in the “prebuggiun” blend.
Edible parts

Plant species Boiled Raw
Arctium lappa L. Lf

Capsella bursa-pastoris (L.) Medicus Lf

Beta vulgaris L. Lf Lf
Borago officinalis L. Lf, FI Lf, FI
Brassica oleracea L. convar. capitata Lf Lf
Campanula rapunculus L. Lf, Rt Lf, Rt
Centranthus ruber L. Lf Lf
Chenopodium album L. Lf Lf
Cichorium indivia L. Lf Lf
Cichorium intybus L. Lf Lf
Cirsium vulgare (Savi) Ten. Lf

Crepis foetida L. Lf

Crepis vesicaria L. Lf

Diplotaxis muralis (L.) DC. Lf Lf
Foeniculum vulgare Miller Lf Lf
Hyoseris radiata L. Lf Lf
Hypochaeris radicata L. Lf

Inula conyza DC. Lf

Leontodon hispidus L. Lf Lf
Leontodon leysseri (Wallr) Lf Lf
Leontodon tuberosus L. Lf Lf

Papaver rhoeas L. Lf

Note: Fl = flowers, Lf = leaves, Rt = roots

D. “Minestrella” of Gallicano

The gathering of weedy greens for the minestrella is still a
ritual for many women of the village of Gallicano in the Garfag-
nana (upper Serchio valley) in Northwest Tuscany (Pieroni,
1999). The area of distribution of the minestrella is restricted to
the territory extending from Gallicano east to the Apuan crest
and the association of several boiled spontaneous vegetables is
common also in the cooking traditions of other areas on the other
side of the Apuan Alps (in the Versilia region) and Liguria (the
northeastern region bordering Tuscany). In all these territories
the domination of the Ligurian-Apuans (2nd to 3rd Centuries
BC) was remarkable and we could hypothesize that the specific
history of this area may have played a role in developing these
culinary customs.

Weeds, whose young aerial parts are gathered during the
spring in the territory of Gallicano for preparing the local vegetal
soup (Minestrella) Pieroni (1999).

TABLE 4
Wild edible plants included in “Minestrella”.

Allium ampeloprasum L., A. schoenoprasum, and A. vineale L.
Apium nodiflorum L.

Bellis perennis L.

Beta vulgaris L. ssp. maritima (L.) Thell.

Borago officinalis L.

Bunias erucago L.

Campanula rapunculus L. and C. trachelium L.
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TABLE 4
Wild edible plants included in “Minestrella”. (Continued)

Cichorium intybus L.

Cirsium arvense (L.) Scop.

Crepis leontodontoides All., C. sancta (L.) Babcock, and C.
vesicaria L.

Daucus carota L.

Foeniculum vulgare Miller

Geranium molle L.

Hypochaeris radicata L.

Lapsana communis L.

Leontodon hispidus L.

Lychnis flos-cuculi L.

Malva sylvestris L.

Papaver rhoeas L.

Picris echioides L. and P. hieracioides L.

Plantago lanceolata L. and P. major L.

Primula vulgaris Hudson

Raphanus raphanistrum L.

Ranunculus ficaria L.

Reichardia picroides (L.) Roth

Rumex crispus L. and R. obtusifolium L.

Salvia pratensis L. and S. verbenaca L.

Sanguisorba minor Scop.

Silene alba (Miller) Krause and S. vulgaris (Moench) Garcke

Sisymbrium officinale (L.) Scop.

Sonchus asper L. and S. oleraceus L.

Symphytum tuberosum L.

Taraxacum officinale Web.

Urtica dioica L.

Urtica urens L.

Viola odorata L.

VII. “LEAVES” IN THE MEDITERRANEAN CUISINE—A

CASE STUDY IN INLAND SOUTHERN ITALY

A. Ethnotaxonomy of Food Weeds

Pieroni et al. (2005) studied how local women in an inland
Southern Italian village, Castelmezzano, classify non-cultivated
botanicals (excluding fruits). The “concept” of non-cultivated
plants is not clearly expressed linguistically by local women.
Most of the classification elements have the lynchpin in being
or being part of the midlevel or intermediate (Berlin, 1992)
category, “foglie” (literally “leaves™), corresponding roughly
to the concept of “edible leafy vegetables.” Moreover, even
the distinction between cultivated and non-cultivated species is
quite vague and fluctuant. So, for example, if the term “foglie”
indicates generally non-cultivated leafy vegetables, there are
also a few semi-cultivated plants that would be referred to this
group, as is the case with rocket (Eruca sativa), spinach beet
(Beta vulgaris), and broccoli raab tops (Brassica rapa ssp. rapa
Group Ruvo Baley). One of the reasons could be that cultivated
species are growing in the same ecological zone, whereas foglie
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are generally gathered, for example around home gardens in the
vineyards.

On the other pole, people in the same area perceive as proto-
typical for non-cultivated (wild) species, mushrooms (fungi),
and to a less extent, the young non-cultivated shoots (as
like those of wild asparagus (Asparagus acutifolius), butcher’s
broom (Ruscus aculeatus) and traveller’s joy [Clematis vi-
talba]), and the flower receptacles of wild artichoke (Cynara
cardunculus ssp. cardunculus) and carlines (Carlina acaulis),
which are not at all considered kind of foglie.

It is interesting to underline that mushrooms and shoots are
generally gathered in the secondary forests or in the hedgerows
bordering the durum wheat fields, which represent the ecolog-
ical zones located quite far from the village centers. Foglie are
instead mainly collected by women near the inhabited centre,
along countryside pathways, in the vineyards or near the wheat
fields. Only a few plants are gathered in the marshes. Men are
the main collector of mushrooms.

Perception of “wilderness” as cultural construct seems than
in the study area to be related to the distance from the inhab-
ited village and especially to the degree of human disturbing
(agricultural/pastoral) activities: what is gathered in the forest
(mushrooms, wild asparagus, butcher’s brooms shoots, wild ar-
tichoke and carline) is considered “more wild” of what growing
spontaneously and gathered around vineyards (foglie).

These examples demonstrate how the collection of non cul-
tivated plants is inextricably embedded with cultural concepts
describing the traditional management of natural resources and
the spatial organization of the natural/cultural landscape.

B. Wild Food Plants, Generational and Gender
Relations, and Cultural Identity

Elderly people in Southern Italy agreed in referring us that
non-cultivated vegetables are consumed nowadays to much less
extent than decades ago. The reason of this shift, which has
been observed in other areas in the Mediterranean as well, could
be found in the changed socio-economic context: the younger
generation have nearly lost the competence (Traditional Knowl-
edge, TK) necessary to identify, gather and process in the kitchen
these species, while for many informants of the middle genera-
tions consuming non cultivated vegetables is now perceived in
a negative way, oft enas a symbol of a poor past.

Moreover, nowadays young women in inland Southern Italy
often join the workforce through factory labor and as cleri-
cals, and rely on older women in their family (mothers, aunts,
grandmothers) to care for their children while they are at work.
These women have little time to carry on the traditional ways
of preparing food and also to gather vegetables; they instead
buy nearly all foodstuffs for the family in supermarkets and
local open-air markets. For both genders of the younger and
middle generation, trends towards leaving the traditional ways
of living behind in the search for other living styles (reliant on
pre-made meals) have played a detrimental role in the transmis-
sion and perpetuation of TK on non-cultivated vegetables and
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subsequently in maintaining these local products in the daily
diet.

The authority of these elderly women was strong in the
villages of Southern Italy while. From the authority of el-
derly women a long series of particular annexes are derived:
managing gathering activities, organizing home gardening, and
co-operating with men in the decisions concerning agriculture
(which, however, was still the final prerogative of the men in the
community). As the persons who had nearly total responsibility
for the domestic domain, and in particular for the kitchen, elderly
women were accustomed to directing everyday life in the house.

Today, of all these sources of authority, nothing remains
in the hands of younger generations of women. All decisions
concerning work in the fields are made by their male partners,
and their role at home is weaker than before. They generally
do not manage home gardens (keeping only a few flowers in
the balcony); they are still the ‘queens’ of the kitchen, but the
majority of have lost the knowledge associated with traditional
cuisine. In some ways, they no longer have the same authority
as their mothers or grandmother: this is perhaps the price that
they have had to pay to become economically independent. If
this new situation is partially accepted by their male partners, it
is generally rejected by the oldest generations (both male and
female), which at times produces deep conflicts inside families
between generations (Pieroni, 2003).

On the other hand, the majority of the young women have
attended school. It seems then that their mothers’ and grand-
mothers’ TEK has been substituted by formal education, without
the latter having the same social implications as the former.
At present, young women in the study area are very conscious
about their muted role in the family and their broader indepen-
dence (both economic and psychological) that they have finally
attained. In the many open discussions that were held with
young women in the Vulture area, the majority tended to auto-
matically reject an exclusive role in domestic affairs, which was
“functional’ in a society conjugated in the masculine form where
men dominated a lot of important decision-making processes as
well as all matters related to the administration of cash income.

VIII. FUTURE OF TK RELATED TO WEEDY FOOD
PLANTS

Re-instilling lost TK will require time and will be heavily
dependent upon the positive acceptance by the younger gen-
erations of the knowledge connected with the elderly female
cosmos. Acculturation processes that take place in schools and
universities could facilitate insights and ideas for the formation
of new activities, which could start from the reevaluation of
TK related to the world of their older relatives, which is now
quickly vanishing. Revalorization of women’s domestic knowl-
edge has to take into account the emancipatory challenges that
young women have begun to pose to the community especially
because of their roles in economically sustaining the family.

New visions of the relations between people and nature in
the studied area will depend on whether the latter will become
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a significant political and cultural force. Regional agricultural
and rural development policies could support the creation of
innovative for-profit activities, such as the controlled gathering
of weedy herbs, the re-introduction of old and archaic crops and
handicrafts, the development of agro- and eco-tourism, farmers’
markets, the management of natural and cultural pathways, and
ethno-culinary events promoting regional and specialty food
niches (e.g., Slow Food circuits).

Local women’s co-peratives or enterprises comprised of
women belonging to different generations could become the
protagonist of the implementation of the heritage related to wild
food plants in eco-sustainable interdisciplinary projects, as a
few examples of small female-run enterprises in other regions
in the Mediterranean show.

They could develop strategies to enhance TEK transmission
between elderly women and the new generations within local
schools, sustaining the gathering of wild plants and maybe de-
creasing the gap between generations. Moreover, they could
incorporate conservation of both natural and cultural/linguistic
resources with economically profitable small-scale production
of food plant derivatives and local typical food products, man-
aged by women.

Traditional consumption of food weeds is than strongly em-
bedded with unique cultural aspects relating local people and
their management of the natural environment. Revalorization of
this TK will have necessarily to pass also through its sustain via
a more acute education frameworks in the schools/universities,
but also maybe through substantial changes in the agenda of
many national food and local policy-makers and cultural stake-
holders in the Mediterranean: sustaining food agro-biodiversity
could only have a sense if the efforts will take in account the
inextricably connected cultural heritage, what we nowadays call
“bio-cultural diversity.”
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on sustainable farming and food systems and the application of
resultsin creating effective learning landscapes for students. With
increased recognition of limitations of fossil fuels, fresh water, and
availablefarmland, educator sarechangingfocusfrom strategiesto
reach maximum yieldsto those that feature resour ce use efficiency
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and resilience of production systemsin a less benign climate. To
help students deal with complexity and uncertainty and a wide
range of biological and social dimensions of the food challenge, a
whole-systems approach that involves life-cycle analysis and con-
sideration of long-term impacts of systemsis essential. Seven ed-
ucational case studiesin the Nordic Region and the U.S. Midwest
demonstrate how educators can incorporate theory of the ecol-
ogy of food systems with the action learning component needed to
develop student potentialsto create responsible change in society.
New roles of agroecology instructorsand studentsaredescribed as
they pursuea co-learning strategy to develop and apply technology
to assure the productivity and security of future food systems.

Keywords action education, service learning, transdisciplinary ed-
ucation, systems education, holistic learning, integrated
systems

I. INTRODUCTION TO SYSTEMS AND EXPERIENTIAL
LEARNING

As global competition for land, water, and fossil fuels in-
tensifies due to growing human population, we are facing un-
precedented challenges in designing both research strategies
and educational programs to help future professionals prepare
to serve society. We applaud the impacts of the Green Revolu-
tion on yields of predominant cereal crops, and the effects of
that research on alleviating hunger in many countries. Yet it is
becoming increasingly apparent that other socio-economic and
environmental factors must also be considered if we are to chart
an effective course for the future. Based on over a decade of
farming systems research and teaching practical field courses
at universities in the United States and the Nordic Region, we
are convinced that the transdisciplinary field of agroecology
offers great promise to: 1) expand the vision in research on
sustainable agricultural systems, and through this research, 2)
inform the design of effective learning landscapes for students
who want to make an impact on future food and farming sys-
tems. The central goal is to develop competencies of students in
agroecology.

Agroecology research and teaching emerges from a focus on
sustainable agriculture, gathering increased momentum as more
people recognize the limits of fossil fuels, fresh water, and avail-
able farmland. Most scientists agree that global climate change
will impact production, and that much of our current productiv-
ity and the resulting growth in human numbers have been due to
development of a technology appropriate to cheap fossil fuels,
available water, and relatively benign climates that have char-
acterized the past two centuries (Kirschenmann, 2009). With
looming constraints to productivity due to limited resources and
an imperative to feed a growing human population, agricultural
and food systems scientists are looking at larger systems issues
as well as alternative research methods and strategies that will
contribute to solutions in the context of resource scarcity. Like-
wise, students will be faced with challenges full of uncertainty
and increased complexity, needing a multi-perspective approach
to seek solutions.
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Sustainable agriculture provided an umbrella for valuable
research and education for the past two decades. Although
the term is ambiguous—no one would claim to be designing
a non-sustainable system—it is a useful concept and statement
of purpose, if not a precise goal nor menu for specific farming
systems or practices. The term has been overused and adopted
by groups across the spectrum of political persuasion and
environmental perspective, from Greenpeace to Monsanto. This
has added to confusion and caused loss of credibility. Some
universities have chosen to focus on the study of agroecology,
a term broadly defined as the ecology of food systems (Francis
et al., 2003), and a rigorous academic area closely linked to
practice and meaningful action. We adopt this definition for
education in agroecology, while recognizing that the term has
been used more narrowly to explain agriculture in ecological
terms (Altieri, 1983; Gliessman, 1984).

Richard Bawden’s article on systems thinking and research
is frequently cited by agricultural educators as a key reference
point for application of systems principles in the educational
arena (Bawden, 1991). His pioneering experiential learning pro-
gram at University of Western Sidney in Hawkesbury, with stu-
dents working with farmers and ranchers near the university, pro-
vided incentive to implement on-farm education components in
programs in other countries. The concept of double loop learn-
ing and building on experience was summarized by Sriskan-
darajah et al. (1990) in the context of farming systems research
and extension. Wilson and Morren (1990) provided synthesis
of methods around systems research, in a text frequently used
in teaching integrated systems theory and practice. These re-
sources bring a logical combination of theory and application to
put the principles of systems analysis to practical use. We build
on the strategy for competence development (Bawden, 2007a).

The systems approach in agriculture is a multi-perspective
way of seeing the world, distinct from that employed by sin-
gle disciplines. Holistic thinking requires a systemic approach
to observing and analyzing complex situations in agriculture
and food systems. While research on individual components of
the system is often essential, this work is most valuable when
conducted with an appreciation of the whole system in mind.
When looking at the likely impacts of a new high-yielding wheat
variety, for example, it is important to consider the prices and
long-term availability of needed inputs, the impacts on the local
and regional environment, and the social consequences of intro-
ducing this variety, such as farm size, concentration of markets,
and distribution of benefits. These are factors not often consid-
ered by the plant breeder who is closely focused on the goal of
increasing genetic production potential. Agroecology provides
a framework within which to study the multiple consequences
of new technology introduction.

Another unique characteristic of agroecology as applied in re-
search programs in the United States and Norway is the blending
of biophysical and social science methods, the latter sometimes
called soft systems methods (Checkland, 1981; Checkland and
Scholes, 2001). Employing such methods as surveys, interviews,
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focus groups, and personal observations of people and groups,
these research and learning strategies are appropriate to evaluate
many aspects of human activity systems, including those that in-
volve farming and food. This window on the human component
of systems complements the observations and measurements of
crop and animal enterprises, analysis of short-term economics,
and evaluation of environmental impacts on farm and in the
landscape. When combined with biological methods, this strat-
egy provides multiple windows on the systems of interest, and
allows us to approach situations that are filled with multiple in-
teracting dimensions and uncertainty with some confidence of
understanding complexity. This wide range of methods has been
employed in a diverse array of MSc thesis projects: waste water
for vegetable production in Havana, composting organic waste
in Yaounde, food policy councils in Canada, and growth of or-
ganic farming in Colombia. In Norway, the thesis projects have
included meat goat production in the mountains, agrotourism in
the north, farmers markets across the country, and farmers as
teachers on the west coast. This combined strategy to research
can open vistas to innovative perspectives on food and farm-
ing systems challenges that would not be possible with single
discipline research and education methods.

An important academic foundation for experiential learn-
ing was provided by the legendary John Dewey (1916), who
maintained that all learning must be put into context of prior
knowledge and experience, and that the key was “learning by
doing.” His theories were employed widely in agriculture for
half a century, as colleges featured farm practice experiences
that were tied closely to academic topics in the classroom. Field
experience requirements were abandoned along with two-year
practical degrees in most U.S. landgrant universities. Study
of agriculture evolved into genetics, entomology, engineering,
pathology, and economics as individual disciplines, organized
into departments and majors. Breadth requirements assured that
students were exposed to other disciplines, but most topics were
taught as stand-alone courses rather than as components of
complex systems. Many of the practical advantages of general
agriculture education and appreciation of systems complexity
eroded in favor of biotechnology, macroeconomics, and environ-
mental science, each studied as independent and self-contained
disciplines with their own language and culture.

Courses in sustainable agriculture, organic farming, and in-
tegrated agricultural development gained a dedicated following
in some universities in the 1990s. These were organized and
driven by a few faculty members, often champions of the cause
who had prior Peace Corps or other experience in developing
countries. They were motivated in part by the educational lib-
eration philosophy of Paulo Freire (1970) who viewed teachers
and students as learning together and focusing primarily on out-
comes of education such as development for the masses and
distribution of benefits of farming and food systems.

Challenges of teaching sustainable agriculture and agroecol-
ogy in landgrant universities have been explored (Altieri and
Francis, 1992). There are defined courses needed for an under-
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graduate degree in agriculture, and many instructors maintain
that credits taken in integrative systems take away opportuni-
ties for more in-depth preparation in specific disciplines such
as agronomy, entomology, plant pathology, economics, or en-
gineering. Innovative educators and curriculum planners now
accept the value of systems thinking as provided in these in-
tegrative courses, and more offerings are appearing in public
and private universities (Francis, 2009). A systems approach
to study across disciplines will provide students with impor-
tant competencies they will need to deal with complexity and
uncertainty in the future.

Il. TRANSDISCIPLINARY EDUCATION IN AN
ECO-SOCIAL SYSTEM

Conventional wisdom in the U.S. landgrant system main-
tains that both research and teaching are enhanced by a close
link between them. The strategy of split appointments, with re-
searchers actively working on contemporary issues and bringing
the latest results to the classroom, has pervaded our thinking.
Linking research with teaching and learning can be valued in
undergraduate courses on sustainability if the research is con-
tinually viewed in the context of whole systems; the link could
be detrimental to learning if the successful researcher in com-
ponent science has difficulty emerging from that specialty to
provide a systems perspective on applications to critical issues.
In the landgrant system, split appointments can present an acute
problem if major rewards are based on research publications
and grant success. One review concludes that most research ev-
idence does not find a positive correlation between success in
research and success in teaching (e.g., Hattie and Marsh, 1996;
2002; Jenkins et al., 2003). Organization of most universities in-
cludes separate budgets, assignments, and facilities for the two
activities, even though faculty have split appointments (Barnett,
2005). Lieblein et al. (2000b) provide three models of univer-
sity structure, including a conventional model and two futuristic
alternatives that depend on teams doing experiential learning on
farms and in communities.

A workshop of the European Network of Organic Agriculture
Teachers (ENOAT) in Italy explored the challenges and poten-
tials of the interaction of teaching and research in agroecology
and organic farming (Caporali et al., 2007). There was strong
agreement about the importance of working across disciplinary
lines as the only rational way to deal with broad and complex is-
sues. We recognized multidisciplinary as an approach that brings
together multiple disciplines, but does not guarantee an inte-
gration of perspectives or research methods, nor any emergent
value of the process. There is not necessarily an equal sharing
of the parts (Schunn et al., 1998). Interdisciplinary strategies
are important to address problems that “escape the confines of a
single discipline” (Mittelstrass, 1998), yet leave the impression
that they deal primarily with the issues that would otherwise
fall through the cracks between specialties. Transdisciplinary
is a term of choice because it concerns “that which is at once
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between the disciplines, across the different disciplines, and be-
yond all disciplines. Its goal is the understanding of the present
world, of which one of the imperatives is the unity of knowl-
edge” (Basarab, 2002).

Competency in agroecology requires skills that go beyond
what is available in any one department or specialization.
Challenges in agricultural and food systems involve use of nat-
ural resources, complicated farming practices, economics in a
time of uncertainty, environmental impacts, and social impli-
cations of decisions in these human activity systems. Lieblein
and Francis (2007a) provide a review of literature on linkages
between research and teaching, ways to bridge what is often
envisioned as a gap, and a proposed “learning umbrella” that
covers both activities (Brew and Boud, 1995). The cases we
present later describe relevant examples of research-based edu-
cational activities that contribute to systems competencies.

IIl. AGROECOLOGY AS A FOUNDATION FOR
SUSTAINABLE AGRICULTURE

A. Emergence of an Integrative Ecology of Food
Systems: Agroecology

Societal demands on agriculture are mounting and becom-
ing more complex. In addition to major increases in global
food production in coming decades, society increasingly ex-
pects rural landscapes to provide a wide range of other goods,
services and amenities. These include biofuels, bio-industrial
products (Eaglesham, 2006) and environmental services such
as carbon storage, biodiversity conservation, aquifer recharge
(Boody et al., 2005; Jordan et al., 2007), and the construc-
tion of resilient land-use systems to manage risks from climate
change (Berkes, 2007). The challenge is to increase production
of marketable commodities, while maintaining integrity of es-
sential life-support functions of the biosphere. More broadly, the
challenge is to better design and manage the interconnections
between agriculture and basic life-support systems of society:
food, water, energy and land-use systems. Such demands must
be met within the context of global environmental change, espe-
cially greater climate instability. The intertwined issues of pro-
duction, conservation and adaptation constitute one of our grand
challenges facing humanity. It will be necessary to substantially
redesign agricultural systems and their interface with food, wa-
ter, energy and land-use systems (Francis and Porter, 2010).

Any redesign will be complex and contested, involving dif-
ficulties aptly described as ‘wicked’ problems (Batie, 2008). In
these situations, different parties view and define the problem
quite differently, depending on their particular worldviews, val-
ues, and vested interests. Wicked problems typically entail high
levels of uncertainty and large “decision stakes’ (i.e., large pub-
lic risks and/or opportunities are involved). They are marked
by strong controversy, stakes are high, the facts of the situation
are uncertain, and intense debate occurs among stakeholders
holding wide-ranging views on what constitutes sustainable and
responsible development in social, economic, and environmen-
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tal terms (Jordan et al., 2008). Wicked problems in agriculture
are also biocomplex, meaning that production, conservation and
adaptation are affected by the interplay of biophysical and so-
cial factors that are spatially, organizationally and historically
complex (Cottingham, 2002; Pickett et al., 2005).

How should society organize itself in response to wicked
problems in agriculture and interconnected food, energy, water
and land-use systems? Sustainability science (Clark, 2006) is
providing a rallying point for many efforts to answer this ques-
tion. This field views the interplay of social and biophysical
factors as the genesis of wicked problems. To make progress,
sustainability science aims to create new understanding by close
coupling of multiple knowledge systems into ‘learning systems’
based on social networks (Ison et al., 2007). Making durable im-
provements in the face of wicked problems requires multiple ra-
tionalities, including intellectual, practical, spiritual, emotional,
ethical, and aesthetic. To meet these needs, natural and social
scientists must engage with broader knowledge systems and
learning/action networks, by involving heterogeneous groups
of stakeholders. When learning and action are effectively inte-
grated, stakeholder groups can take concerted and coordinated
action (Magerum, 2002; Pahl-Wostl and Hare, 2004; Steyaert et
al., 2007; Mandarano, 2008) that can contribute to progress in
the face of wicked problems in managed ecosystems.

Motivated by hope of better addressing wicked problems
and by emerging tenets of sustainability science, the discipline
of agroecology has recently shifted strongly toward a more inte-
grative mode (Flora, 2001; Uphoff, 2002; Dalgaard et al., 2003;
Francis et al., 2003; Jordan et al., 2005a; 2008; Robertson et al .,
2008; Warner, 2008; Francis et al., 2008). Wezel et al. (2009)
found that contemporary usage of ‘agroecology’ reveals a range
of non-exclusive meanings, variously describing a science, a
practice, and/or a popular movement as applied in Germany,
France, Brazil, the United States and elsewhere. Agroecology
initially was used to describe and analyze production-related
issues in farming systems via natural science, combining the
perspectives of agronomy and agriculture with ecology. This
conception of agroecology-as-science persists today in a num-
ber of countries including France and the United States.

B. Broadening Agroecology to Include Food Systems
The concept of agroecology has been broadened substantially
to include environmental, economic, social, political, and ethi-
cal dimensions. Academics in the Nordic Region and the U.S.
Midwest now define agroecology as the ecology of food systems
(Francis et al., 2003). This definition may need additional revi-
sion to reflect societal demands that agriculture produce a range
of non-food goods, services and amenities. Wezel et al. (2009)
contend that a more expansive use of the term emerged in the
1970s with agroecology seen as both a set of practical appli-
cations and a movement. This activity was partly in response
to the concerns about unexpected consequences of the highly
successful Green Revolution in developing countries, such as
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environmental impacts of substantial increases in chemical fer-
tilizer and pesticide use, and high-tech/high-yield strategies that
often ignored social structure and distribution of benefits.

Agroecology has potential to embrace a broad, complex, in-
teracting set of biophysical and socioeconomic dimensions of
food systems. Beyond opening unique vistas for research, there
is an exciting array of applications in experiential learning as
illustrated by the case studies described later. Integrative quali-
ties emerge that can enhance the value of research and education.
For example, there is focus on long-term, place-based, compar-
ative research and development projects (Carpenter et al., 2009)
using tools such as foodshed analysis (Peters et al., 2009) and
life cycle analysis (Hendrickson et al., 2006), and such eco-
logical concepts as hierarchy of scale, system boundaries, and
evaluation of biodiversity and nutrient cycles. There is also po-
tential for integration of multiple natural and social-scientific
methods such as multi-scale empirical work, modeling, simula-
tion and adaptive experimentation (Cook et al., 2004), and anal-
yses that integrate patterns and processes across a wide range
of spatiotemporal scales such as competition and mutualism,
biogeochemical cycles, and biological and social succession.

These same concepts and principles can inform the design
of ‘learning landscapes’ in which students are introduced to the
complexities and uncertainty of farming and food systems in
the present and their design for the future. We have found that
students who study to become agroecologists through applied
systems courses in the Nordic Region gain an appreciation of
how to deal with complicated and multi-dimensional situations
(Lieblein et al., 2004). In design of educational strategies, we
have focused on the learner, on sharing responsibility for educa-
tion, and on students taking an active role in a process that can
lead to capacity for responsible action (Lieblein and Francis,
2007b). It is the evolution of agroecology from a singular fo-
cus on science, to an incorporation of practical applications, to
creation of movements in several countries that has enriched this
area of study. To pursue a broad strategy of experiential learn-
ing in agriculture and food systems, we have found a need for
different types of activities, including modifications in practical
learning through case studies.

C. Open-Ended Case Studies: A Primary Learning
Strategy

One key method for education in agroecology that has
proven valuable for systems learning is the open-ended case
study (Francis et al., 2009). One prerequisite for learning is
to generate enthusiasm around a topic and another to create
linkages to prior experience (Dewey, 1916). The decision case
method has been used by many educators to meet these needs,
but the majority of such cases are “closed” in that they present
situations in which the solution is already known to instructor
and client (American Society of Agronomy, 2006). The
open-ended cases we use in agorecology are distinct in their
process of joint exploration by students, instructors, and clients
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of complex real-life situations where often neither the relevant
questions nor the answers have yet been identified (Francis et
al., 2009). The open case method is further characterized by
introducing students to a discovery approach to learning, to
the need for digging out relevant information on a farm or in
a community, to develop potential future scenarios rather than
providing one discrete solution, and to elaborate a series of
criteria for evaluating success of the scenarios.

Compared to conventional decision cases, the open-ended
case study strategy places primary emphasis on co-learning by
students, instructors, and clients (Francis et al., 2009). The goal
of seeking information in the field from farmer or community
key clients is to develop a rich picture of the current situa-
tion, and to establish as much as possible the long-term goals of
farmer or community and what they would like to achieve within
a certain time frame. This depends on the natural resource and
economic base, and also on individual and social capital in that
place and the philosophies and world views of the participants.
There is an open co-learning atmosphere where everyone is a
player in defining the issues and seeking alternative solutions
for the future. Multiple sources of information and stimulation
feed into continuous interaction among the players. In Norway,
student teams are working with farmers and communities that
have a goal to increase organic food consumption. The projects
are taking “action research” to a new level of accountability,
yet there is a safe space under the learning umbrella to ven-
ture broadly and take risks that would not be encouraged in a
conventional class setting.

IV. CASE STUDIES IN EXPERIENTIAL SYSTEMS
LEARNING

A. Norway: UMB Agroecology Courses with
Open-ended Cases

For the past decade, the autumn courses at the Norwegian
University of Life Sciences (UMB) have provided study op-
portunities in food and farming systems using the open-ended
case strategy. Based on concepts developed in one-week Ph.D.
courses on systems research in the mid-1990s (Lieblein et al.,
1999), the semester includes an experiential learning compo-
nent on farms and in rural communities in Norway. Design of
the initial courses was informed by an in-depth evaluation in a
workshop of former faculty and student participants (Lieblein
etal., 2000a). We have observed that the inclusiveness and trans-
parency in planning and implementation of courses have been
valuable as a way to involve people from the Nordic Region and
to help in recruiting students.

At the heart of the semester are open-ended case studies
that explore contemporary challenges facing farmers and cur-
rent issues in food systems in Norwegian communities. As we
explain to students, the cases have not yet been solved. We work
together as a team of students/faculty/clients to create a rich pic-
ture of the situation, the goals of farmer and community, and
the resources available. Student teams identify the key issues,
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and then design a series of potential scenarios that could be
used by farmer or community to address them (Francis et al.,
2009). This is quite different from students doing a decision case
where they must be clever enough to find out what the instruc-
tor and client already know. Based on field visits, observations,
and interviews, students consider multiple ways of analyzing
the current system and then design scenarios toward a desired
future situation that will help clients meet their goals. Teams
produce client documents for their key contacts in the field, and
individual students prepare learning documents that summarize
their personal experiences in learning. We now collaborate with
a national program seeking to help Norway reach its stated goal
of 15% organic food production and consumption by 2020. The
kol aft program funds half the cost of team visits to communi-
ties, and this raises the level of responsibility and accountability
for everyone in the project.

Scenario building and evaluation of impacts are representa-
tive of the steps up toward visioning and action that are encom-
passed in the external learning ladder conceptualized in this pro-
gram (Lieblein et al., 2007). The open-ended case study strategy
is integral to becoming an agroecologist and systems thinker,
well prepared to deal with complexity and with rapidly changing
situations (Lieblein et al., 2004). Agroecology courses prepare
students to make meaningful contributions to the food system
through responsible action in the future (Lieblein and Francis,
2007b). In a sense, students are working on real-world issues in
real time, and are gathering information as it is needed in this
“just-in-time” learning environment (Salomonsson et al., 2005).

B. U.S.: Midwest Agroecosystems Analysis Course

Since 1998, a summer experiential learning course to de-
velop competencies in agroecosystems analysis has been held
each year in lowa, Minnesota, and Nebraska (Wiedenhoeft etal.,
2003). The goals are to give students first-hand experience in the
dominant maize-soybean and confined livestock plus alternative
farming systems in the region, and to provide tools for collect-
ing information, analyzing, and evaluating the sustainability of
different farms. Students focus on production, economics, en-
vironmental impact, and social viability of each operation, and
learn to use various biological and social science methods (Rick-
erl and Francis, 2004). Provided with references ahead of the
field visits and practice with interview skills and farm models,
students then are given broad leeway in how they organize their
interviews, design analyses, and summarize results in oral and
written presentations. The instructors consider this freedom to
make decisions as one key to developing competence as au-
tonomous learners.

The course begins on the southern edge of the Des Moines
lobe formed during the latest glacial period, with discussions
about glacial formation, movement, and recession. Conse-
guences for the landscape and soils, and how the climax northern
tall grass prairie impacts potential for agriculture are explored,
as students walk through a field never plowed, one piece of the
0.01% of this lowa ecosystem that remains (Samson and Knopf,
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1994), Most people including those involved in agriculture do
not recognize prairie. The current state of northern tallgrass
prairie conservation is reviewed and participants are introduced
to the most conspicuous prairie plants and encouraged to ex-
plore on their own and get a feel for the ecosystem. In a group
discussion participants share what they have seen and felt, and
consider how “prairie wisdom’ might be put to work in contem-
porary food production systems. The prairie ecosystem then is
identified as one standard by which environmental sustainability
and farming systems resilience in the region can be evaluated.
One student said, “I think the prairie misses the bison.”

The class visits eight farms, delving into farmers’ philoso-
phies and goals, natural resource and economic endowments,
and current systems with their successes and challenges. Based
on this experience and evaluation, they envision potential future
scenarios. Students are urged to develop meaningful questions
and envision alternative future directions that would better help
each farmer achieve their goals. The emphasis is on system re-
silience and sustainability, on potential of the farmer and family
to flourish even in times of uncertainty and economic change,
and on dealing with complexity through application of ecolog-
ical principles in design of farming systems. In the study of
systems, students look at issues across hierarchies of scale and
time. They explore the intricate interactions among components
and the emergent properties of systems, and as much as possi-
ble attempt to take a holistic and systemic view of the overall
operation of the farm within the landscape and local community
context. The result has been a revelation to those students who
are accustomed to learning in specific disciplines, at times with
information that is context free, and who have been told specif-
ically what they are supposed to learn. The open-ended case
study approach has proven valuable for learning and building
systems competencies.

Evaluation of learning in the agroecosystems analysis course
has been multidimensional, using daily individual surveys of
students and faculty, frequent reflection sessions, careful in-
structor reading of students’ individual learner documents sub-
mitted at the end of the course, peer evaluations within groups,
faculty observations of students in the field and in group work,
and follow-through surveys and interviews after the course is
finished. From these sources, Harms et al. (2009) have identi-
fied five causal conditions that are influential in creating learning
and the conditions that would encourage behavioral change in
students: hands-on experience, emotional response, human in-
teraction, self-efficacy, and intensity of experience. They found
additional conditions that need to be considered to improve the
learning situation: length of course, appropriateness and rigor of
curriculum, learner-centered activities, ongoing education, and
metacognitive processes.

C. U.S.: Integrative Agroecology

Ecology of Agricultural Systems is a course at Univer-
sity of Minnesota-Twin Cities which prepares students to de-
sign and manage the interconnections between agriculture and
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basic life-support systems of society: food, water, energy, and
land use. Design and management must interweave produc-
tion, conservation and continuous adaptation to change at many
scales, and presents practitioners with many ‘wicked’ problems
(Batie, 2008), those in which different parties view and define
problems quite differently. There may be strong controversy and
biocomplexity, in which production, conservation and adapta-
tion are affected by the interplay of biophysical and social factors
that are spatially, organizationally and historically complex.

The premise of Ecology of Agricultural Systemsis that diffi-
cult problems in agriculture must be addressed by a novel and
emerging discipline, termed ‘integrative agroecology,” itself a
realization of a new ‘meta-discipline’ of sustainability science
(Clark, 2006). Agriculture and related food, water, energy and
land-use systems are understood as coupled human-natural sys-
tems (CHNS) (Liu et al., 2007). Such coupling creates potential
for strong and rapid feedback dynamics, with coupled ‘eco-
social’ interactions in CHNS that are fundamental to integrative
agroecology.

Ecology of Agricultural Systems was designed to provide
useful concepts for viewing agriculture through the lens of in-
tegrative agroecology, use practical experiences, and encourage
reflection on concepts and practice. Because integrative agroe-
cology is new, we emphasize methods of agroecological anal-
ysis and the development of mental models and perspectives,
such as an ability to perceive wicked problems in agriculture
and their relationships with systems of food, energy, water and
land-use. To do this, the course offers experience in applying
methods for systems thinking to complex agricultural issues.
We organize model-making and other activities to practice ‘sys-
temicity’ around two focal notions. Landscapes are the land
areas containing multiple ecosystems that are distinct in struc-
ture and function. Management regimes are the multiple agen-
cies, organizations and institutions from different social sectors
(technological, financial, commercial, regulatory, physical and
biological infrastructure) that interact to govern resource and
production systems. Students develop and evaluate their models
and other course concepts in a semester-long project that fea-
tures ‘community-based learning’ (CBL), also known as service
learning (Jordan et al., 2005). They are engaged with partner
organizations that provide a practical application for the work.

D. Sweden: Swedish Test Pilots

A unique experiment was launched at the Swedish Univer-
sity of Agricultural Sciences (SLU) in Uppsala where a number
of crop science students were not satisfied with their current
curriculum, immersed in chemistry and molecular biology, and
were seeking more relevance in education. With an expecta-
tion to learn about agriculture as a human driven activity in its
socio-economic and ecological context, students found that crop
science courses did not provide this breadth of focus. Three stu-
dents chose to plan their own systems studies, first in Sweden
and later in Viet Nam. They embraced the concept of experi-
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ential learning and took on the responsibility for planning their
own systems research and learning experiences. In the first eight
weeks they made multiple farm visits and conducted in-depth
interviews of farmers on two farms, one conventional and one
organic, in the fertile valley north of Uppsala. They explored the
inputs and outputs from the farms; beyond the farm boundaries
they looked at the complexity of the food system after harvest
in the processing and marketing of products from the farms. An
integrated report of the study was presented to their advisor and
to the farmers.

Concerned that they were not stretching their comfort zones
with this study in Sweden, the group decided to travel to
Viet Nam to study farming systems and marketing at a local
university and then conduct action research in the field. After
substantial reading and preparation, they spent two weeks in
seminar-type sessions on the campus of Hue University, in
cooperation with a masters program project with SLU and Viet-
namese universities [the RDViet Project, http://www.rdviet.net/]
doing systems analysis study together with local college stu-
dents. Supervised by teachers from An Giang University,
they spent a week in field studies in two villages with rice
production as the primary economic activity. One was an ethnic
Vietnamese village and the other a Khmer village. To explore
the impacts of globalization on the decisions of farmers in these
two contrasting places, students conducted interviews with rel-
atively wealthy farmers, average farmers, and poor farmers, as
well as with a focus group of decision makers in each commu-
nity. Through translators, they examined the impacts of recent
growth of export markets for Viet Nam on the apparent financial
success and well-being of these farmers and families. This was a
tremendous experience for the students, and they prepared a re-
port on the adventure that was published by their department at
SLU (Palmer et al., 2008). In addition, the process of developing
the concept and carrying out the research/education project was
summarized and published in an education journal with the stu-
dents and instructors as co-authors (Salomonsson et al., 2008).
This model is seen as a potential future type of class for highly
motivated students who want to take responsibility for their own
systems education, and to do this outside the intellectual and
physical confines of the university classroom and department
structure.

E. U.S.: African Agroecology Systems Evaluation
through Adventure Learning

In spring semester 2009, students at University of Minnesota
participated in an adventure learning course in agroecology
where the instructor (Paul Porter) planned to travel over a four-
month period from Cairo, Egypt to Cape Town, South Africa by
bicycle, reporting on the agroecosystems and food he encoun-
tered each day. Adventure learning (AL) is a hybrid distance
education approach that provides students with opportunities to
explore real-world issues through authentic learning experiences
within collaborative learning environments (Doering, 2006).
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“Food and Agriculture from Cairo to Cape Town at
10 mph,” provided students with an introduction to food, agri-
culture and agroecosystems in 10 African countries (Egypt, Su-
dan, Ethiopia, Kenya, Tanzania, Malawi, Zambia, Botswana,
Namibia, and South Africa). The instructor traveled by bicycle
over 6000 kilometers through five countries until a bicycling
accident in southern Tanzania cut short his travel, but not the
course. Students continued to follow the bicycling group until
they arrived in Cape Town.

Co-taught by a teaching assistant, the course utilized faculty
guest speakers, student group presentations and related readings
from a wide array of disciplines, from climatology and culture
to social and agronomic sciences. With satellite phone technol-
ogy and the internet, the instructor provided daily written and
audio-blogs of his experiences, focusing on food, agriculture,
and agroecosystems. Each day he would travel about 120 kilo-
meters, and report on the ecology of farming and food systems
he encountered. Discussion ranged from topics on false banana,
t’ef and cultivating with livestock on terraces to challenges of
nomadic herdsmen and the constant quest for water. Relation-
ships among climate, soil, elevation and latitude were discussed
relative to historic and current cropping practices. Well over 100
plant and animal species were discussed, far more diverse than
what typical U.S. students find in the Midwest.

There was no textbook for the course. Assigned read-
ings included peer reviewed articles, current events, devel-
opment reports and daily blogs posted by the instructor
<http://paulporter.wordpress.com>. The course was offered
as a general elective for undergraduates as well as to honors
students and graduate students; 34 students from five colleges
representing 13 majors enrolled in the three-credit course. In
their course evaluations, the students expressed a sense of ‘be-
ing there” and experiencing crossing deserts in the heat on rough
roads, surviving thin air and seeing cool season crops at higher
elevations, as well as the transition from barren dry environ-
ments to biologically diverse intercropped landscapes. Building
from lessons learned, a similar course was conducted in 2010,
when the instructor completed the agroecology journey through
Africa. This creative type of educational experience enhances
the breadth of learning opportunities to which the students are
exposed and provides a model for developing new competencies
through distance education.

F. U.S.: Learning Communities

In higher education, curricular learning communities offer a
common cohort of students the opportunity to build community
while enrolled in classes that are linked or clustered during an
academic term, often around an interdisciplinary theme. Rec-
ognizing that learning is a social endeavor, the goal of learning
communities is to impact student learning by creating purpose-
ful groupings of students. At lowa State University this approach
has been used to help students make the transition from high
school to university, to increase retention of students, to encour-
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age greater student engagement academically and socially, and
to stimulate greater success in learning. The students take sim-
ilar classes, as well as linked classes, i.e., English composition
classes linked to discipline content classes (Wiedenhoeft and
Loynachan, 2009). The community idea organizes students into
groups to provide a smaller college atmosphere within the large
landgrant university.

In 1998 and 1999, three groups of 12 first-year agronomy
students were organized; two of the groups were in learn-
ing communities, while the third group was not (Pogranichniy
et al., 2001). All three groups enrolled in the same required
courses. The learning community groups were given an ad-
ditional two-day field trip, as well as weekly special seminar
sessions on time management, appreciation of different learn-
ing styles, study and testing skills, and opportunities for career
exploration. There was greater faculty/staff involvement with
the community groups, including peer mentors, faculty men-
tors and a staff coordinator. After two years of this experience,
faculty reported that the program had “some limited success.”
Those students participating in the learning communities had a
quicker adjustment from high school to the university learning
environment, a small but significant increase in academic per-
formance as measured by grade point average, and a slightly
higher level of student retention. What was important to faculty
involved in the communities was the qualitative observation that
students were better adjusted to the university. This was enough
to justify continuing the program, and today this is an inte-
gral option for undergraduate students at lowa State University
(Wiedenhoeft and Loynachan, 2009).

G. Nordic Region: On-Line Course in Agroecology

Since 2004 a fully web-based course in agroecology has been
offered globally by instructors from four Nordic universities
(Lieblein et al., 2005). To build competencies, the course offers
an introduction to the systems approach and complements spe-
cific courses students have taken in other disciplines. Instructors
introduce an experiential learning approach in which dialogue
between the ‘real world’ and the ‘abstract’ (Kolb, 1984) can
be used in a distance learning situation. Using Kolb’s learning
cycle with an example from the real world, we developed a case
based on a Danish organic dairy farm. With quantitative farm
data as well as qualitative information from interviews with the
farmer and his family, the case is the focal point of student work
through the course.

Course activities followed the Kolb’s cycle, pulling in theo-
retical background and the tools needed along the way. An initial
question is, What is on the farm and how does the farm func-
tion? Theory is introduced through readings on systems think-
ing and agroecology, as well as mind-mapping and other tools.
Later questions focus on goal conflicts and the tasks of making
sound recommendations to the farmer. This approach calls for
students to put themselves into the roles of different players,
including farmer and advisor. Students work both in groups and
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individually and keep learning logs through the course to ensure
reflection on their own learning.

Instructors had a long history of collaboration in adopting
student-centered and experiential approaches, yet the develop-
ment and implementation of this distance course was a new
learning experience for all. Teachers represent a wide range
of disciplines within agriculture, food science, and veterinary
medicine. Facilitating a learning process on the farming system
level puts less emphasis on each specific field of expertise, thus
instructors need the courage to move out of their comfort zones
in dealing with students and the material, as well as opening the
potential of an innovative learning approach.

Challenges that are addressed during the course relate to
cultural and geographical differences among the students. Like
most international groups, students enter the course not only
with a diverse set of knowledge and experiences, but also with
large differences in their attitudes toward learning, authorities,
and group work. Since the course started we have revised the
material annually, changing the readings, including emerging
discussions on multifunctional agriculture, and changing some
of the tools offered, such as SWOT and Force Field analysis.
Taking into account the increasing student numbers from the
South we plan to expand the applied component with a case from
the developing world, giving students from all backgrounds the
opportunity to work with different contexts and expand their
agroecology competencies.

V. FUTURE LEARNING LANDSCAPES: AGROECOLOGY
AND EXPERIENTIAL EDUCATION

Despite increasing calls for graduate training in integrative
agroecology (Francis et al., 2008), efforts to develop more pro-
grams that draw on the conceptual developments outlined in the
introduction have been limited. Some programs in sustainabil-
ity science, land-change science, and new critical understanding
of participatory approaches are being tested (Bawden, 2007b;
Ison et al., 2007; Jordan et al., 2008). Excellent graduate pro-
grams address sustainable agriculture (e.g., lowa State Univ.
http://www.sust.ag.iastate.edu) but we are not aware of gradu-
ate programs that address the broader challenge of applying the
emerging frameworks of biocomplexity, sustainability science,
and land-change science to create an integrative agroecology
framework. Relevant systems education programs are emerg-
ing in the Nordic region (e.g., Nordic School of Agroecology,
www.agroasis.org). Useful insights come from frameworks cre-
ated by graduate curricula in sustainability science in a range of
physical sciences and ecological sciences (Francis et al., 2008).
Recent start-up programs include the School of Sustainability at
Arizona State University (http://schoolofsustainability.asu.edu)
and the Resilience and Adaptation Program at University of
Alaska (http://www.rap.uaf.edu).

A fundamental premise is that our students will be involved in
the development of new systems of governance, or new manage-
ment regimes to better manage interconnections between agri-
culture and overarching resource systems of food, energy, water
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and land-use. Network forms of governance can enable effective
co-management—coordinated, concerted and collective action
across multiple social, economic, political sectors and scales.
We view these network governance mechanisms as a necessary
complement and counterweight to regulatory and market forces
(Ison et al., 2007). To become effective agroecologists, our stu-
dents must develop a set of perspectives, habits of minds and
behavioral competencies that will enable them to participate in
network governance and co-management. Among these abili-
ties, new capacities for communicative and systemic learning
are particularly important. Crucial outcomes are well summa-
rized inarubric—the ‘Five Cs’—recently articulated by Richard
Bawden, a seminal figure in agroecology education (Bawden,
2007b; Jordan et al., 2008). The “Five Cs’ are both key attributes
of the wicked problems that new management regimes must
address and related competencies that must be developed to en-
able students to become agroecologists capable of facing wicked
challenges. These attributes and related competencies are:

 Contestability, requiring competencies for engaging
productively with differences in worldview, values, and
interests among multiple stakeholders in wicked prob-
lems,

» Contingency, requiring competencies for dealing with
unpredictable futures in agricultural systems beset by
difficult problems rooted in biocomplexity,

« Collectivity, requiring competencies in social learning
for collective action,

» Connectivity, requiring competencies in methods for
systemic understanding,

» Cognition, mental models, habits of mind and world-
views are powerful factors in wicked problems,
strongly affecting understanding and action of inter-
ested parties; agroecologists need competencies for
critical understanding of cognition and learning—
individual and collective—to deal with future com-
plexity.

Communicative learning is applied in the Haber-
mas/Mezirow sense (Mezirow, 1996) as a process that helps
us understand how others see the world, in terms of theoretical
validity, normative correctness and honesty of views. This learn-
ing increases understanding of the meaning and significance of
statements and actions in a group of interacting stakeholders.
The outcome is increased capacity for communication and de-
liberation, enabling increases in mutual understanding, collab-
orative learning, and collective action (Bawden, 2007a; Jordan
et al., 2008). Such learning creates a critically important basis
for co-management and increased social capital, including trust,
willingness to cooperate, and shared norms and values. Systemic
learning is also fundamental, because agriculture and related re-
source systems are seen as coupled human-natural systems, and
to understand them requires students to learn and practice sys-
tems thinking. Systemic learning refers to understanding the
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holistic nature of agriculture, with all its complexities and in-
teractions (Bawden, 2007b). Systemic learning involves inquiry
and analysis on three interrelated levels: systems, sub-systems,
and super-systems (Jordan et al., 2005). Finally, communica-
tive and systemic learning can be integrated via the formation
of “critical learning systems’ (CLS) (Bawden, 2005), which are
comprised of social actors (individuals, organizations, institu-
tions) that share a common interest in an agroecosystem. Ability
to apply these concepts is an important competency for agroe-
cologists.

Drawing on these new theories and experiences in the litera-
ture, we are building on the early concepts of Dewey (1916) and
other visionaries, and we are applying the theory to courses in
the Nordic Region and the U.S. Midwest to improve the learn-
ing landscape. Instructors in these courses understand the links
that provide an efficient transfer of relevant experience and in-
formation from the research laboratory, experimental field, and
rural community into the classroom. We recognize the value of
student research and class projects as important sources of ideas
that we can use to deal with contemporary challenges in farm-
ing and food systems. We believe that experiential learning is
an effective means to achieve education for students concerned
about responsible action, and these are the people who are going
to make a difference in the world and the human condition. Our
focus is on building competencies in agroecologists, by design-
ing coherent curricula or learning landscapes that transcend the
intrinsic limitations of individual courses that are often narrow
learning experiences of limited scope and duration.

In such a learning landscape, we help students develop the
competencies listed above to participate in CLS, and also the
underlying capacities for communicative and systemic learning.
For example, we believe that agricultural scientists concerned
with such challenges need capacity for intellectually rigorous
foresight (Tonn et al., 2000), using such techniques as scenario
planning and facilitated modeling (Kallis et al., 2006). They also
need holistic approaches suited to more immediate challenges,
such as soft-systems methodology (Jordan et al., 2005), and so-
cial multi-criteria analysis or adaptive co-management (Olsson
et al., 2007; Berkes, 2007) or skill in the creation and use of
boundary objects (Steyaert, 2007) such as texts and graphics.
These convey information about social or biophysical attributes
of an agroecosystem and serve to facilitate critical systems
thinking by a multi-stakeholder group, for example a terrain-
analysis map depicting areas vulnerable to soil erosion. Estab-
lished and emerging methods for communicative and systemic
learning are the key features of agroecology curricula, leading
to new ways of seeing and corresponding ways of doing.

From case studies, from experiences of the past decade, and
from recent conceptual developments, we can draw out a number
of key elements and conclusions:

e learning is a social as well as an individual process,
and there is a continuing need to explore the best ways
to enhance effective team project work,
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» knowledge, skills, competencies, and attitudes must
go beyond technical details; ability to work in groups,
capacity to see the larger picture, experience in com-
munication with the public, and broad capacity to deal
with uncertainty, risk and change are essential,

« experiential learning means getting into the field and
the community, working with clients to understand
their goals and local context, and appreciating unique-
ness of place and specificity of solutions to location-
specific individual and group challenges,

» methods of service- and community-based learning
provide useful guidelines, in principle and practice,
for such community-engaged learning,

« transdisciplinary team teaching is crucial to the broad
goals of learning about systems; there are biophysical,
economic, social and political dimensions in contem-
porary problems, important in developing resilient and
sustainable alternatives,

o frequent and meaningful interactions among the in-
structors have been essential to applying broad con-
cepts, guiding students through learning landscapes,
and evaluation,

e bringing together natural resource and biodiversity
questions with those in agricultural production, farm
and regional economics, complex social realities, and
political dimensions involve developing different types
of practical models to help students understand com-
plexity, and require methods from both biophysical and
social sciences,

o methods for integrative analyses are hardly well de-
fined in the domain of agroecology research, and
practical pedagogical models are very much a work-
in-progress,

« evaluation is an integral and continuing part of design
and implementation of experiential learning activities
and programs, and frequent modification along the way
through educational adaptive management has been
important to success,

e recognizing the intensity of instructor involvement in
this type of learning environment is important, as ad-
ministrators and peer evaluators look at credit hour
accumulation as the key indicator of educational “suc-
cess” in today’s tight economic times; we need to
seek resource-efficient alternatives to achieve the same
goals without excessive investment of faculty time and
university resources.

Major areas for future development include the application of
methods for systemic and communicative learning to agroeco-
logical curricula.. This is especially important for undergraduate
curricula, as these students are conditioned to rote learning and
may be at stages of cognitive development that create significant
impediments to systemic and communicative learning (Salner,
1986). Techniques such as soft-systems methodology are
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considered to be difficult to teach to undergraduates. Also
needed are opportunities for critical self-reflection, for example
meta-cognition and epistemic cognition, particularly on the
basis of experiences that engage students for reasonably
long periods. These are opportunities to apply and evaluate
methods for communicative and systemic learning, effective
functioning in a critical learning system, and participation in
co-management. We conclude that agroecology provides the
framework and the methods for effective systems education,
based on transdisciplinary research, which can shape our future
learning landscapes and develop compentencies needed for
responsible action by agroecologists.
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