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Chapter 1
Society Issues, Painkiller Solutions,
Dependence and Sustainable Agriculture

Eric Lichtfouse

Abstract Here I tackle three major issues, climate change, financial crisis and
national security, to disclose the weak points of current remedies and propose sus-
tainable solutions. Global warming and the unexpected 2008 financial crisis will
undoubtedly impact all nations. Treating those two critical issues solely by pain-
killer solutions will fail because only adverse consequences are healed, not their
causes. Therefore, all sources of issues must be treated at the same time by enhanc-
ing collaboration between politicians and scientists. Furthermore, the adverse
consequences of globalisation of markets for energy, food and other goods have
been overlooked, thus deeply weakening the security of society structures in the
event of major breakdowns. Therefore, dependence among people, organisations
and nations must be redesigned and adapted to take into account ecological, social
and security impacts. Solving climate, financial and security issues can be done by
using tools and principles developed by agronomists because agronomy integrates
mechanisms occurring at various space and time levels. Agriculture is also a cen-
tral driver for solving most society issues because society has been founded by
agriculture, and agriculture is the activity that provides food, renewable energies
and materials to humans. I present a to-do list summarising the major practices
of sustainable agriculture based on about 100 recently published review articles.
The practices are agroforestry, allelopathy, aquaculture, beneficial microorgan-
isms and insects, biofertilisation, biofuels, biological control, biological nitrogen
fixation, breeding, carbon sequestration, conservation agriculture, crop rotation,
cover crops, decision support systems, grass strips, integrated pest management,
intercropping, irrigation, mechanical weed control, mulching, no tillage, organic
amendments, organic farming, phytoremediation, precision agriculture, seed
invigoration, sociology, soil restoration, suicidal germination, terracing, transgenic
crops, trap crops, and urban agriculture.

E. Lichtfouse (<)

INRA, Department of Environment and Agronomy, CMSE-PME, 17, rue Sully,
21000, Dijon, France
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Keywords Agriculture « Climate change o Financial crisis « National security e
Agroforestry « Allelopathy « Aquaculture « Beneficial microorganisms and insects
« Biofertilisation « Biofuels « Biological control « Biological nitrogen fixation e
Breeding « Carbon sequestration « Conservation agriculture « Crop rotation « Cover
crops « Decision support systems e Grass strips o Integrated pest management e
Intercropping e Irrigation * Mechanical weed control * Mulching « No tillage
Organic amendments « Organic farming « Phytoremediation « Precision agriculture
« Seed invigoration e Sociology « Soil restoration e Terracing « Transgenic crops e
Trap crops « Urban agriculture

Mahatma Gandhi listed seven blunders of humanity: Wealth without work, Pleasure without
conscience, Commerce without morality, Worship without sacrifice, Politics without principles,
Knowledge without character, and Science without humanity.

1.1 Financial Crisis, Climate Change and the Painkiller
Solution

Society is actually experiencing an unexpected financial crisis that will undoubtedly
impact all nations (Beyond Growth 2008). It will affect in particular the poorest
countries that are already suffering from hunger and diseases. Governments are
attempting to heal this issue by injecting large amounts of money in banking systems
and major companies. At the same time, effects of climate change are accelerating
and deeply altering ecosystems (IPCC 2007). Recent alarming reports even warn
that it is already too late to stop global warming, though the forecasted value of the
warming in degree Celsius and the date at which it will occur are still debated
(Vince 2009). Given the urgency, geoengineering — the notion that to save the planet
we must artificially tweak its thermostat by, e.g., firing fine dust into the atmo-
sphere to deflect sun rays — is even gaining cause as a rapid solution to the attempt
of cooling the earth (Brahic 2009). Injecting government cash and geoengineering
are both urgent actions that may indeed temporarily heal the financial market and
the effects of climate change. Nonetheless, those two strategies suffer from the
same drawback. Both are “fireman” or “painkiller” solutions, meaning that only
adverse consequences are treated, not the cause of those effects (Lal, 2009a;
Lichtfouse 2009a).

1.2 Enhancing Politician and Scientist Collaboration

Treating solely negative effects without treating sources will undoubtedly fail in
the long run. Therefore, I strongly advice politicians and other policy makers to
treat the source of the adverse effects. This can be done by closer collaboration
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with scientists. It is indeed unacceptable that almost nothing has been done to
counteract global warming before 2007, knowing that the Nobel Prize winner
Svante Arrhenius has clearly predicted in 1896 — more than a century ago — that
temperature will rise of about +5°C as a result of fossil fuel burning (see
Lichtfouse 2009b and references therein). In the next section, I discuss depen-
dence, another critical and overlooked factor, and its implication on the security
of our society.

1.3 Rethinking Society Dependence

Globalisation of the market for food, fuels and other goods has undoubtedly
induced positive effects such as lowering prices and fostering collaborations
among citizens and nation. However, it has also induced serious dependence
problems such as a sharp increase of maize prices in Mexico following the fast-
rising use of maize as biofuels in northern countries. Another striking example is
the peak of petroleum prices that has impacted almost all nations. A recent failure
of the European electricity grid resulting in thousands of home without current for
several days further illustrates the weaknesses of global dependence. We also
know that crop control with pesticides is contaminating drinking water, even many
years after the ban of those pesticides (Barth et al. 2009), and so on. As a result,
though we live at a time of outstanding technology, the excess of dependence cre-
ated by wild globalisation has strongly weakened our society. In case of major
catastrophic events, the society structures were probably more secure 100 years
ago because most people were farmers, producing and consuming locally. The
fundamental sources of our actual society issues are evidenced in the visionary
article by Dr. Rattan Lal, entitled Tragedy of the global commons: soil, water and
air (Lal, 2009b).

Though this is a very sensitive topic because dependence is the basis of most
public and private organisations, the adverse effects of dependence have been
largely overlooked because benefits such as growth and profit have predominated
until now. Environmental, social and security impacts have indeed not been taken
into account. Therefore, we should rethink dependence. More specifically, the pro-
duction of food, fuels and other goods, their transportation and their selling should
be redesigned and controlled to lower dependence among people and nations. For
instance, producing and consuming food more locally will both reduce dependence
and decrease the ecological footprint of long-range transportation. Switching partly
to renewable, locally produced energies will also produce a similar positive effect.

Of course, less dependence does not mean no dependence and no collabora-
tion among people and nations. The degree of dependence should be adapted to
the nature of goods or energy, their transportation, selling, ecological footprint,
and social impact. Some goods may be distributed globally without weakening
the nations, others may not be so. Obviously, the southern, poorest nations
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should be at the same time supplied with food and helped to produce their own
food and energy. Scientists and policy makers should therefore study, assess
and enforce the relevant level of goods circulation. Here, the tools developed by
agronomists to build sustainable farming systems should be particularly useful
because agriculture is the foundation of society (Lal, 2009c; Lichtfouse et al.
2009a). Agronomists are indeed experts at deciphering mechanisms occurring
at various scales, from the molecule to the global scale, and from seconds to
centuries.

Agronomy should thus be used as a core tool to build a sustainable society.
Table 1.1 gathers the major practices of sustainable agriculture, and their main
benefits. It should thus help readers to build rapidly an overall vision of the current
innovative tools and approaches to build a sustainable world.

Table 1.1 Practices of sustainable agriculture. Most citations are review articles published in the
following books: Sustainable Agriculture (Lichtfouse et al. 2009b); Sustainable Agriculture
Reviews, vol 1 Organic farming, pest control and remediation of soil pollutants (Lichtfouse,
2009¢); Sustainable Agriculture Reviews, vol 2 Climate change, intercropping, pest control and
beneficial microorganisms (Lichtfouse, 2009d); Sustainable Agriculture Reviews, vol 3 Sociology,

organic farming, climate change and soil science (Lichtfouse, 2009e, this volume)

Practices

Benefits

References

Agroforestry
Homestead agroforestry

Carbon sequestration
Diversification

Disease control
Employment

Food security

Higher biodiversity
Higher relative plant density
Less soil erosion
Mitigate climate change
Nutrient recycling

Pest control

Water quality

Carruba and Catalano (2009)

Etchevers et al. (2009)

Lal (2009e)

Malézieux et al. (2009)

Miah and Hussein (2009)

Palaniappan et al. (2009)

Spiertz (2009)

Zuazo and Pleguezuelo
(2009)

Allelopathy

Biofumigation

Biopesticides

Hormones

Plant growth regulators and
other biochemicals

Adaptation to climate change
Decreasing costs

Drought tolerance

Food security

Increase water uptake

Less pesticides

Weed control

Aroca and Ruiz-Lozano
(2009)

Biesaga-Kocielniak and
Filek (2009)

Farooq et al. (2009a, b)

Kalinova (2009)

Khan et al. (2009b)

Martinez-Ballesta et al.
(2009)

Runyon et al. (2009)

Wau et al. (2009)

Aquaculture

Diversification
Food security
Recycling farm wastes

Palaniappan et al. (2009)

(continued)
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Table 1.1 (continued)

Practices Benefits References
Beneficial microorganisms Bioremediation Aroca and Ruiz-Lozano
and insects Biosensors (2009)

Cheaper fertilisation
Disease control

Drought tolerance
Increasing nutrient uptake
Increasing plant growth
Pest control
Phytoremediation
Pollinisation

Bonilla and Bolafios (2009)
Deguine et al (2009)
Gamalero et al. (2009)
Garg and Geetanjali (2009)
Ghorbani et al. (2009a)
Gregoire et al. (2009)

Holb (2009)

Joner and Leyval (2009)
Khan et al. (2009a, b)
Latour et al. (2009)

Saha (2009)

Viebahn et al. (2009)
Wrage et al. (2009)

Yair et al. (2009)

Biofertilisation
Biofortification
Foliar sprays

Disease resistance

Drought resistance

Higher micronutrient levels
Less malnutrition
Improving human health
Salt resistance

Bonilla and Bolafios (2009)
Dordas (2009)

Farooq et al. (2009a)
Ghorbani et al. (2009a)
Viebahn et al. (2009)
Wrage et al. (2009)

Zuo and Zhang (2009)

Biofuels

Carbon neutral

Higher biodiversity
Local source of energy
Mitigate climate change
Renewable fuels

Ceotto (2009)

Lal (2009d, e)

Hill (2009)

Miah and Hussein (2009)
Scholz et al. (2009)

Biological control
(see also beneficial
organisms and insects)

Cheap control
Disease control
Higher biodiversity
Less or no pesticide
Pest control

Wildlife conservation

Askary (2009)

Clergue et al. (2009)
Deguine et al (2009)
Ferron and Deguine (2009)
Ghorbani et al. (2009b)
Holb (2009)

Latour et al. (2009)
Viebahn et al. (2009)

Yair et al. (2009)

Biological nitrogen fixation
(see also cover crops)

Alternative fertilisation
Food security

Increases plant growth
Increases soil N

Less, no mineral fertilisers
Local fertiliser

Mitigate climate change
Nutrient recycling

Bonilla and Bolaiios (2009)
Garg and Geetanjali (2009)
Khan et al. (2009b)
Knorzer et al. (2009)
Rodifio et al. (2009)
Spiertz (2009)

(continued)
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Practices

Benefits

References

Breeding
Recurrent mass selection

Adaptation to climate change
Disease resistance

Drought resistance

Genetic diversity

Salinity resistance

Banilas et al. (2009)

Carruba and Catalano
(2009)

Hejnak et al. (2009)

Marais and Botes (2009)

Martinez-Ballesta et al.
(2009)

Carbon sequestration
(see also organic
amendments)

Decreases erosion
Higher nutrient retention
Higher soil biodiversity
Higher water retention
Mitigate climate change
Offset CO, emissions
Prevent desertification

Anderson (2009b)
Erhart and Hartl (2009)
Benbi and Brar (2009)
Bernoux et al (2009)
Etchevers et al. (2009)
Fiileky and Benedek (2009)
Ghorbani et al. (2009b)
Lal (2009c, d, e, f)
Malézieux et al. (2009)
Nguyen (2009)

Pati et al. (2009)
Shaxson (2009)
Stagnari et al. (2009)

Conservation agriculture

Air, soil and water protection
Biodiversity conservation
Decreases erosion

Decreases pollution

Higher water retention
Improves soil structure
Mitigates climate change
Reduces farm costs

Reduces flooding

Reduces work time

Palaniappan et al. (2009)
Stagnari et al. (2009)

Crop rotation

Biofertilisation

Enhances soil organic matter
Increases biodiversity
Increases soil N

Anderson (2009a, b)
Dordas (2009)

Erhart and Hartl (2009)
Ghorbani et al. (2009a)

Increases water use efficiency Kalinova (2009)

Plant disease control Lal (2009¢)

Water conservation Spiertz (2009)

Weed control Stagnari et al. (2009)
Cover crops Improves fertility Kalinova (2009)

Improves water availability

Nutrient recycling

Reduces costs

Soil erosion and runoff
control

Weed control

Malézieux et al. (2009)
Pati et al. (2009)

Runyon et al. (2009)

Stagnari et al. (2009)

Wu and Sardo (2009)

Zuazo and Pleguezuelo
(2009)

(continued)
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Table 1.1 (continued)

Practices

Benefits

References

Decision support systems
Farming systems
Indicators

Land husbandry
Modelling

Assess sustainability

Design sustainable practices

Integrate various sciences

Integrate space and time
levels

Forecast farming system
evolution

Forecast impacts

Optimise ecological benefits

Optimise performance

Barth et al. (2009)

Bockstaller et al. (2009a, b)

Clergue et al. (2009)

Debaeke et al. (2009)

Doré€ et al. (2009)

Duru and Hubert (2009)

Faivre et al. (2009)

Handayani and Prawito
(2009)

Karami and Keshavarz
(2009)

Mir and Qadrri (2009)

Roger-Estrade et al. (2009)

Sadok et al. (2009)

Shaxson (2009)

Veldkamp et al. (2009)

Wu and Sardo (2009)

Zamykal and Everingham
(2009)

Grass strips
Buffering strips
Filtering strips
Artificial wetlands

Degrade pesticides
Reduce soil erosion
Reduce water pollution

Gregoire et al. (2009)
Lacas et al. (2009)
Wu and Sardo (2009)

Integrated pest management

Decreases pesticide input
Decreases pollution
Decreases cost

D’Addabbo et al. (2009)
Deguine et al. (2009)
Ferron and Deguine (2009)
Holb (2009)

Wu and Sardo (2009)

Intercropping
Alternative crops

Aesthetic value
Biofortification
Diversification
Decreases erosion
Increases biodiversity
Increases yield
Increases soil nitrogen
Recycles nutrients
Pest control

Plant disease control

Carruba and Catalano
(2009)
Deguine et al. (2009)
Dordas (2009)
Etchevers et al. (2009)
Kalinova (2009)
Knorzer et al. (2009)
Malézieux et al. (2009)
Palaniappan et al. (2009)
Spiertz (2009)
Zuo and Zhang (2009)

Irrigation
Drip irrigation

Food security
Saves water

Hillel (2008)

Lal (2009¢)

Palaniappan et al. (2009)
Wu and Sardo (2009)

(continued)
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Practices

Benefits

References

Mechanical weed control
Solarisation

Disease control
Food security

Anderson (2009a)
Carruba and Catalano

Flaming Increases yield (2009)

Heating Increases plant growth Chicouene (2009)
Improves water availability D’Addabbo et al. (2009)
Increases soil nutrients Holb (2009)
Less or no herbicides
Weed control

Mulching Improves soil structure D’ Addabbo et al. (2009)

(see also Organic
amendments and Carbon
sequestration)

Prevents frost damage

Soil water conservation

Soil temperature moderation
Weed control

Kalinova (2009)

Lal (2009, f)
Shaxson (2009)

Wu and Sardo (2009)

No tillage

Reduced tillage
Conservation tillage
Direct seeding

Disease control

Improves soil structure
Increases biodiversity
Increases carbon sequestration
Mitigates climate change
Reduces erosion

Reduces farm costs

Reduces work time

Water retention

Anderson (2009a, b)
Bernoux et al. (2009)
Deguine et al. (2009)
Etchevers et al. (2009)
Ghorbani et al. (2009a)
Lal (2009e, f)

Pati et al. (2009)
Roger-Estrade et al. (2009)
Scholz et al. (2009)
Shaxson (2009)
Stagnari et al. (2009)
Wu and Sardo (2009)

Organic amendments

Sewage sludge

Manure

Organic mulch

Biochar

Biosolid

Compost

Crop residues

Wood, etc. (see also carbon
sequestration)

Buffer soil temperature
Cheap fertilisation
Carbon sequestration
Disease control
Decreases erosion
Increases microbial activity
Increases yield

Improves soil structure
Mitigates climate change
Recycles waste

Stores soil nutrients
Water retention

Baize (2009)

Bernoux et al. (2009)
Dordas (2009)

Etchevers et al. (2009)
Erhart and Hartl (2009)
Fiileky and Benedek (2009)
Ghorbani et al. (2009a, b)
Gresta et al. (2009)

Holb (2009)

Kalinova (2009)

Lal (2009¢)

Palaniappan et al. (2009)
Pati et al. (2009)

Saha (2009)

Scholz et al. (2009)
Shaxson (2009)

Sigua (2009)

Spiertz (2009)

Stagnari et al. (2009)

(continued)
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Table 1.1 (continued)

Practices

Benefits

References

Organic farming

Carbon sequestration
Decreases erosion
Disease control

Food security
Increases biodiversity
Increases fertility
Increases soil carbon
Increases soil nitrogen
Higher soil quality
Improves soil structure
Mitigates climate change
Recycles nutrients
Social improvement

Erhart and Hartl (2009)

Fiileky and Benedek (2009)

Ghorbani et al. (2009a, b)

Handayani and Prawito
(2009)

Holb (2009)

Kalinova (2009)

Lamine and Bellon (2009)

Saha (2009)

Spiertz (2009)

Winter and Davis (2007)

Wu and Sardo (2009)

Phytoremediation
(see also grass strips)

Aesthetic improvement
Cleans soil, water and air
Decreases pollutant
bioavailability
Decreases pollutant toxicity
Decreases pollutant
concentration
Degrades organic pollutants
Extracts metals from soils
Low-cost remediation
Socially-acceptable
reclamation

Al-Najar et al. (2005)
Babula et al. (2009)
Baraud et al. (2005)
Harvey et al. (2002)
Joner and Leyval (2009)
Khan et al. (2009b)
Morel et al. (1999)
Rodriguez et al. (2005)
Scholz et al. (2009)
Wabhid et al. (2009)

Precision agriculture
Robotic agriculture

Disease control

Manages crop variability

Manages crop conditions
variability

Optimises fertilisation

Optimises watering

Weed control

Sardo (2009)

Unibots

Wu and Sardo (2009)

Zamykal and Everingham
(2009)

Seed invigoration

Dormancy management
Drought resistance

Flood resistance

Increases yield

Low temperature resistance
Salt stress resistance

Farooq et al. (2009a, b)

Sociology
Indigenous knowledge

Behaviour, attitude approach
Better adoption of practices
Eco-protection
Ecological modernisation
Equity
Human dimension, traditions
Integrated, holistic approach
Integrates economic factors
Integrates people culture,
religions
Resource-conserving practices
Tackles sources of issues

Handayani and Prawito
(2009)

Karami and Keshavarz
(2009)

Palaniappan et al. (2009)

Wu and Sardo (2009)

(continued)
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Practices Benefits References
Soil restoration Decreases desertification Anderson (2009b)
Decreases poverty and hunger ~ Baize (2009)

Decreases soil erosion
Disease control

Food security
Increases biodiversity
Increases yield
Improves water quality
Less pollutants

Barth et al. (2009)

Bernoux et al. (2009)

Changwen and Jianmin
(2009)

Etchevers et al. (2009)

Erhart and Hartl (2009)

Ghorbani et al. (2009a, b)

Handayani and Prawito
(2009)

Knorzer et al. (2009)

Lal (2009a, b, ¢, d, e, )

Pati et al. (2009)

Roger-Estrade et al. (2009)

Saha (2009)

Sigua (2009)

Shaxson (2009)

Wrage et al. (2009)

Suicidal germination

Parasitic plant control

Runyon et al. (2009)

Terracing

Carbon sequestration
Increases yield
Soil erosion control

Doumbia et al. (2009)
Zuazo and Pleguezuelo
(2009)

Transgenic crops

Biopesticide

Drugs, vaccines

Easier weed control
Higher income

Increase yield

Insect management

Less pesticide treatments
Reduced tillage

Bonny (2009)

Deguine et al. (2009)

Devos et al. (2009)

Graef (2009)

Marvier (2009)

Sanchis and Bourguet
(2009)

Torres et al. (2009)

Trap crops

Pest control

Deguine et al. (2009)
Kalinova (2009)
Runyon et al. (2009)
Torres et al. (2009)

Urban agriculture
Local agriculture

Food security

Lower prices

Less environmental footprint
Less transportation

Local production and use
Mitigates climate change
Recycles wastes

Provides employment

De Bon et al. (2009)
Miah and Hussein (2009)
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Chapter 2
Sociology of Sustainable Agriculture

Ezatollah Karami and Marzieh Keshavarz

Abstract Sustainability is the core element of government policies, university
research projects, and extension organizations worldwide. Yet, the results of several
decades of attempt to achieve sustainable agriculture have not been satisfactory.
Despite some improvement conventional agriculture is still the dominant paradigm.
Pollution of water, soil, and air, degradation of environmental resources, and loss
of biodiversity are still the by-product of agricultural systems. In light of these
crises, based on review of current literature, it is argued that in promoting sustain-
able agriculture our perception should shift from a technocratic approach to a social
negotiation process that reflects the social circumstances and the power conditions.
Agriculture should be regarded as an activity of human; therefore, it is social as
much as it is agronomic and ecological. Therefore, here we explore the contribution
of sociology toward achieving agricultural sustainability. The review reveals that
agricultural sustainability can no longer ignore the human dimension and social
dynamics that are the core elements of agricultural development. Although the
agricultural and ecological sciences are vital, social sciences must play their role to
analyze the human dimension, which is central to understanding and achieving agri-
cultural sustainability. The contributions of sociology of sustainable agriculture are
exploring the relationship between farmers’ attitudes and their sustainable farming
practices, understanding the gender impact, offering different sustainability para-
digms, providing different models of predicting adoption of sustainable practices,
and finally informing decision makers regarding the social impacts of their sustain-
ability decisions. Major findings are discussed and appropriate recommendations
are provided.
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2.1 Introduction

Even though agriculture has made great progress in feeding the ever-increasing
population, still it faces serious problems and challenges. Some of these challenges
such as food production to feed the undernourished and increasing demand for
poverty alleviation have been with us for a long time and will continue to be in
foreseeable future. Food production will have to increase, and this will have to
come mainly from existing farmland. Many predictions are gloomy indicating that
gap between demand and production will grow. Population growth, urbanization,
and income growth in developing countries are fueling a massive global increase in
demand for food.

Sustainability, climate change, and replacing fossil fuels with renewable
energy are relatively new challenges for agriculture. Overuse and inappropriate
use of agrochemicals have led to contamination of water, loss of genetic diversity,
and deterioration of soil quality (Rasul and Thapa 2003). Sustainability is not
only a challenge in itself, but also a new worldview, a paradigm, which has
changed our understanding of agriculture. This new paradigm seriously questions
our conventional ways of solving agricultural problems and challenges. High
external input or “modern agriculture,” which once was the promising approach
to agricultural production, is now considered to be unsustainable. There is con-
sensus that modern agriculture has diminished the importance of farming as a
way of life, and creates certain problems such as ecological degradation (Alhamidi
et al. 2003). There is also a growing skepticism about the ability of modern agri-
culture to increase productivity in order to meet future demand. Sustainable
agriculture as a concept has emerged to address the challenges that are facing
modern agriculture (Karami 1995).

Some researchers define sustainable agriculture primarily as a technical process.
Altieri (1989) defined sustainable agriculture as a system, which should aim to
maintain production in the long run without degrading the resources base, by using
low-input technologies that improve soil fertility, by maximizing recycling, enhanc-
ing biological pest control, diversifying production, and so on. The technological
and to a lesser extent economic dimensions of sustainable agriculture have tended
to be privileged while the social dimension has been neglected. As a result sustain-
able agricultural has suffered from limited adoption. This paper argues that the way
out of current crisis of promoting sustainable agriculture is to shift our perception
from a technocratic approach to a social negotiation process that reflects the social
circumstances and the power conditions in a specific region at a specific time
(Blaschke et al. 2004). If one accepts the argument that the concept of sustainability
is a “social construct” (Webster 1999) and is yet to be made operational (Webster
1997; Rasul and Thapa 2003), then sociology has a great deal to offer toward
achieving agricultural sustainability. Understanding what agriculture and sustain-
able agriculture are, is a prerequisite to understand the sociology of sustainable
agriculture.
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2.2 Definition of Agriculture

The first point to clarify is: “What is agriculture?,” of course, there is general
agreement about the sorts of things, people, plants, and animals that can be called
agricultural, but this is not good enough if we are seriously interested in topics
such as the role of science in agriculture, the role and importance of agriculture
in the world, and how agricultural efficiency can be improved (Speeding 1988).
Not many attempts have been made to be more precise and it is quite difficult to
arrive at a definition that is both useful and specific. One of the useful definitions
is phrased by Speeding (1988, 1996) as follows: ‘“agriculture is an activity of
Man, carried out primarily to produce food, fiber and fuel, as well as many other
materials by the deliberate and controlled use of mainly terrestrial plants and
animals.”

The terms “agriculture” and “ agricultural system” are used widely to encom-
pass various aspects of the production of plant and animal material of food, fiber,
and other uses. For analysts with a narrow vision, these terms are limited to the
cultivation of soil and growth of plants. But for others, the terms also include
financing, processing, marketing, and distribution of agricultural products; farm
production supply and service industries; and related economic, sociological,
political, environmental, and cultural characteristics of the food and fiber system
(CAESS 1988). Since agriculture involves economics, technology, politics, sociol-
ogy, international relations and trade, and environmental problems, in addition to
biology it can be concluded that agriculture is social as much as agronomic and
ecological. Taking a broad interpretation, agriculture is a system of processes that
take place within a threefold environmental framework, biophysical environment,
socio-political environment, and economic and technological environment.
Together, these three sets of factors set the broad constraints within which indi-
viduals, groups, and governments engage in production, distribution, and con-
sumption components of agriculture. These three sets of constraints for agriculture
also provide a means of assessing conditions for sustainable agriculture (Yunlong
and Smith 1994).

Agricultural sciences can no longer ignore the human intentionality and social
dynamics that are the roots of our predicament. Although the natural sciences,
and especially the earth and life sciences, remain of vital importance, not least to
monitor and analyze the dynamics of “nature” so as to inform normative frame-
works for sustained land use (De Groot 1992), social sciences must play their role
among the agricultural sciences to analyze human activity as emergent from
intentionality and greed, economic systems, human learning, and agreement
(Roling 1997). We acknowledge that agricultural systems are human systems, so
that “what is sustainable” will also be value laden. Agricultural systems are dis-
tinctive in those changes in values and attitudes of farmers, managers, and other
stakeholders, and externally imposed risk, e.g., climate interaction (Karami and
Mansoorabadi 2008).
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2.3 The Human Dimension of Agricultural Sustainability

The human element is not one third of sustainability; it is central to its implementation
(Pearson 2003). The challenge of sustainability is neither wholly technical nor rational.
It is one of the change in attitude and behavior. Sustainability therefore must include the
social discourse where the fundamental issues are explored collaboratively within the
groups or community concerned. We do not do that very well, partly because of increas-
ing populations, complexity, distractions, and mobility, but more because of certain
characteristics of the dominant paradigm that are seen as desirable (Fricker 2001).

Social constructionists and philosophers have shown that we can never truly
“know” nature, as our understandings of nature are shaped by the social and
cultural lenses through which we see the world. This is not to argue that “there is
no real nature out there,” but instead that our knowledge of nature will always be,
at least partly, social (see Cronon1996; Escobar 1996). In opening nature to public
attention specialists have relinquished their authority over the constitution and
meanings of nature and allowed nature to be contested by a much wider variety of
stakeholders (McGregor 2004). After all, the construct of a sustainable future may
look very different to cultures and individuals with a tradition of a “be all you can
be” philosophy as compared with those who ascribe to a “live and let live” philosophy
(Goggin and Waggoner 2005). Environmental imaginaries are highly contested and
can be thought of as the ways in which a society collectively constructs, interprets,
and communicates nature (McGregor 2004).

It is clear that rural sustainability is being undermined by agriculture, particularly
as agriculture is the dominant user of rural land. However, in discussing sustainable
agriculture, the ecological dimension has tended to be privileged while the social
dimension has been neglected. The current economic and ecological crisis for
agriculture has, therefore, opened up the space for a discussion of what sustainable
agriculture might be, and how it might be operationalized. Social sustainability in
much of rural areas is still to be sought through productivity agriculture. Thus, there
continues to be a trade-off between ecological priority areas and the productivity
pressures of the agricultural treadmill (Ogaji 2005).

Many research works underlined the importance of social and institutional
factors for facilitating and achieving sustainable agriculture. Pretty (1995) had
considered that local institutions’ support and groups dynamics are one of the three
conditions for sustainable agriculture. Roling (1994) has used the concept of
platforms to emphasize the role of collective decision-making process in the
ecosystems sustainability. Sustainable agriculture must be socially constructed on
the basis of different perspectives and through stakeholders’ interaction. As Roling
and Jiggins (1998) observed, “ecologically sound agriculture requires change not
only at the farm household, but also at the level of the institutions in which it is
embedded” (Gafsi et al. 2000).

It is culture, which ultimately reproduces the heterogeneous pattern of farming
and the meaning and shape of locality. There is a tendency to assume that as long
as the proposed systems benefit the environment and are profitable, sustainability
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will be achieved and the whole of society will be benefited. However, what is
produced, how, and for whom, are important questions that must also be considered
if a socially sustainable agriculture is to emerge (Ogaji 2005).

Ikerd et al. (1998) explained that most farmers have not integrated the economic,
ecological, and social aspects of sustainability into a holistic concept of sustainable
agriculture. For den Biggelaar and Suvedi (2000), farmers may have a lack of infor-
mation and awareness about sustainable agriculture and its multiple-dimensions
(Gafsi et al. 2006).

The social dimension of sustainability addresses the continued satisfaction of
basic human needs, food, and shelter, as well as higher-level social and cultural
necessities such as security, equity, freedom, education, employment, and recreation
(Altieri 1992). The provision of adequate and secure agricultural products (especially
food), supplied on a continual basis to meet demands, is a major objective for sustain-
able agriculture (Altieri 1989). In the case of developing countries, more imperative
demands are often basic household or community needs in the short term in order
to avoid hunger. This is known as food sufficiency or carrying capacity problem.
In developed countries, meeting demands more often means providing both a sufficient
quantity and variety of food to satisfy current consumer demands and preferences,
and to assure a safe and secure supply of food (Yunlong and Smith 1994).

The social definition of sustainability commonly includes the notion of equity,
including intragenerational and intergenerational equity (Brklacich et al. 1991).
The former refers to the affair and equitable distribution of benefits from resource
use and agricultural activity among and between countries, regions, or social groups
(Altieri 1989). The latter refers to the protection of the rights and opportunities of
future generations to derive benefits from resources which are in use today (Crosson
1986). Agricultural production systems, which contribute to environmental deterio-
ration are not considered to be sustainable as they pass on to future generations
increases in production costs, together with reductions in income or food security.
The two types of equity are sometimes related. For example, many subsistence
farmers are forced to employ farming practices that provide immediate rewards, but
also degrade the environment and thereby impair future generations’ opportunities
for sustainability (Yunlong and Smith 1994).

2.4 Achieving Sustainable Agriculture: Role of Sociology

Sociologists and other social scientists have played a significant role in the emer-
gence, institutionalization, and design of sustainable agriculture. Sociologists and
other social scientists have done particularly significant research on the adoption of
resource-conserving practices. They have also made major contributions through
their research into identifying user needs and implementation strategies relating to
sustainable agriculture technology (Buttel 1993). For many scholars, sustainable
agriculture lies at the heart of a new social contract between agriculture and society
(Gafsi et al. 2006).
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This paper argues that sociology and the other social sciences play an equally
important and constructive role in understanding and achieving agricultural sustain-
ability. Buttel (1993) suggests that this kind of application of sociology may be
referred to as the sociology of agricultural sustainability. The major contribution of
the environment-development debate is the realization that in addition to or in con-
junction with these ecological conditions, there are social conditions that influence
the ecological sustainability or unsustainability of the people—nature interaction
(Lele 1991). Sometimes, however, sustainability is used with fundamentally social
connotations. For instance, Barbier (1987) defines social sustainability as “the abil-
ity to maintain desired social values, traditions, institutions, cultures, or other social
characteristics.” This usage is not very common, and it needs to be carefully distin-
guished from the more common context in which social scientists talk about sus-
tainability, viz., and the social aspects of ecological sustainability.

Sustainability as a social vision is, on the one hand, not only potentially accept-
able, but does, in fact, meet with correspondingly broad approval across all societal
groups and political positions, nationally and internationally. On the other hand, sus-
tainability’s conflict potential cannot be overlooked. As soon as relatively concrete
goals or even strategies of societal action for attaining sustainability are put on the
agenda — at the latest — it becomes obvious that the usual antagonistic societal values
and interests are lurking behind the programmatic consensus (Grunwald 2004).

Despite the diversity in conceptualizing sustainable agriculture, there is a consensus
on three basic features of sustainable agriculture: (i) maintenance of environmental
quality, (ii) stable plant and animal productivity, and (iii) social acceptability.
Consistent with this, Yunlong and Smith (1994) have also suggested that agricultural
sustainability should be assessed from ecological soundness, social acceptability,
and economic viability perspectives. “Ecological soundness” refers to the preservation
and improvement of the natural environment, “‘economic viability” to maintenance of
yields and productivity of crops and livestock, and “‘social acceptability” to self-reliance,
equality, and improved quality of life (Rasul and Thapa 2003). Sociology of
sustainable agriculture deals with the following issues:

Paradigms used to interpret sustainability

Sociological models developed to explain attitudes and behaviors toward
sustainability

Adoption of sustainable agriculture practices

Gender and sustainable agriculture

Social impact assessment and sustainable agriculture

These issues will be briefly dealt with in the following sections.

2.4.1 Sustainable Agricultural Paradigms

There are many different schools of thought about how to interpret sustainability
(Colby 1989). Sustainable development incorporates the idea of transformations of
relationships among people and between people and nature. Batie, however, believes
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that considerable tension exists between those schools of sustainable development
thought that draw their strength from the ecological science paradigm and those
from an economic science paradigm (Batie 1991). In her view the assumptions of
the two main paradigms have the following differences. First, economic and ecological
paradigms differ in their assumption as to relative scarcity. Economics incorporates
a belief in almost unlimited possibility of substitution of human-made capital for
natural resource capital, while ecologists tend to incorporate the idea of absolute
scarcity and hence real limits to economic growth as a key assumption in their
respective paradigms. The second major difference between the two paradigms
stems from their perspectives of the economic and natural system (Karami 1995).

Another major school of thought can be termed “eco-protection” and is preser-
vationist in nature, that is, it has an objective, the maintenance of the resource base,
and it draws heavily from the ecological sciences (Batie 1991). In contrast to
the economics of the driving paradigm of “resource management” that works with the
world and its values as they are found, the eco-protectionists strive to change the world
to be what they desire. Thus, within this perspective there is heavy emphasis
on changing people’s values, limiting population growth, and on redistribution of
society’s income and wealth. While the resource managers’ goal may be to lift the
poor closer to the rich through the adoption of nonpolluting, efficiency-enhancing
technology, the eco-protectionist is more likely to advocate pulling the rich toward
the poor through land tenure reform, redistribution of income, and adoption of
appropriate small-scale technology (Batie 1991; Karami 1995).

Across all literatures, two broad paradigms of sustainability are identifiable: one
supporting a systems-level reconstruction of agricultural practice to enhance
biological activity, and the other adopting a technological fix, in which new tech-
nologies inserted into existing systems can improve sustainability outcomes
(Fairweather and Campbell 2003).

Rezaei-Moghaddam et al. (2006) analyzed Ecological Modernization theory and
the De-Modernization theory to provide a conceptual framework for sustainable agri-
cultural development. They argue that Ecological Modernization and De-Modernization
theories could be used to develop conceptual frameworks for sustainable agricultural
development. The two approaches reviewed provided very different explanations of
environmental change and they point in very different directions. The conceptual path
based on De-Modernization theory has great concern for environmental protection
and less attention to increased production. Agricultural development theory based on
Ecological Modernization breaks with the idea that environmental needs are in con-
flict with agricultural production. It argues instead that agricultural productivity and
growth and resolution of ecological problems can, in principle, be reconciled. Thus,
it assumes that the way out of the negative environmental consequences of agriculture
is only by going into the process of further modernizing agriculture. Evans et al.
(2002) state that observed trends in agriculture could be viewed as part of a move
toward Ecological Modernization and many of the trends with regard to food quality
and safety and environmental management fit well into the Ecological Modernization.
Contrary to conventional agriculture, an Ecological Modernization agricultural devel-
opment theory emphasizes on introducing ecological criteria into the production and
consumption process. It assigns an important role to science in the production
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process. Clean technology or what is known as “precision agriculture” is the
key to achieve sustainable agricultural development. In contradiction with the
De-Modernization agricultural development perspective, sustainable agricultural
development under the Ecological Modernization perspective does not mean having
less agricultural growth and production.

Rezaei-Moghaddam et al. (2006) emphasize that there is a growing consensus
over the need for a shift in paradigm if sustainable agriculture is to be realized.
A paradigm shift in agriculture is a change from one way of thinking about agriculture
to another. It is a revolution, a transformation, and a sort of metamorphosis in the
soft side of agriculture, which eventually will result in changes and the transforma-
tion of hard side of agriculture. Ecologically sound agriculture is a complex system,
not only in terms of complex interactions among soils, crops, animals, and farming
practices (hard system), but also in terms of human knowledge and learning,
institutions, and policies (soft system).

2.4.2 Attitudes, Behaviors, and Sustainable Agriculture

Attitudes are defined as a disposition to respond favorably or unfavorably to an
object, person, institution, or event. An attitude is (a) directed toward an object,
person, institution, or event; (b) has evaluative, positive or negative, elements; (c)
is based on cognitive sustainable agricultural attitudes and behaviors beliefs toward
the attitude object (i.e., the balancing between positive and negative attributes of an
object leads to an attitude); and (d) has consequences for behavior when confronted
with the attitude object (Bergevoet et al. 2004; Karami and Mansoorabadi 2008).

Attitude is a predisposition to act in a certain way. It is the state of readiness that
influences a person to act in a given manner (Rahman et al. 1999). Therefore, attitude
surveys in agriculture could lead to a more adequate explanation and prediction of
farmers’ economic behavior and have been used on conservation and environmen-
tally related issues focusing on the influence of attitude variables as predictors of
conservation behavior (Dimara and Skuras 1999). Dimara and Skuras (1999)
concluded from their research that a significant relationship was found between
behavior and the goals and intentions of farmers. This relationship is even stronger
when statements on attitudes, social norms, and perceived behavioral control are
included (Bergevoet et al. 2004)

Calls for the study of farmers’ behavior and what motivates that behavior are not
new (Gasson 1973). However, the number of studies that have considered farmers’
attitudes toward conservation (MacDonald 1984) is small. Fewer still have studied
farmers’ conservation actions. Potter (1986) points out that a very limited number
have tried to link farmers’ actions to their underlying motivations, notwithstanding
the discourses on the conservation issues in the countryside (Beedell and Rehman
2000). Almost all studies related to the motivational elements of behavior have
stressed that the decision to act in a certain way is affected by a “balancing” or weigh-
ing of a number of influences. Lemon and Park (1993) concluded that farmers, when
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trying to achieve “good practice” on their farms, balance environmental, physical, and
commercial factors in their decisions about their farming system. Clark (1989)
suggested that farmers’ decisions about whether to take advice about conservation
were affected by three distinct dimensions: the policy environment facing farmers, the
advisory structures in place, and the personality of the farmer.

Discussions of the value to be attributed to the preservation of a natural system
invoke two distinct sources of value: extrinsic and intrinsic values. Extrinsic value
arises from the fact that the environment increases the satisfaction or utility of
humans. In this utilitarian philosophy, nature has value insofar as it is useful or
agreeable to humans. The intrinsic value of a natural system exists irrespective of
its usefulness or amenity to humans. This view explicitly grants rights to exist to
nonhuman species or to the environment as a whole. The intrinsic value approach
may thus require decision makers to make decisions knowingly counter to their
own present on future interests (Pannell and Schilizzi 1999).

Potter (1986) finds any change in the countryside to be, “both ‘determined’ by
policy, institutional, and family influences and ‘intentioned’ by the farmer acting as a
problem-solving individual.” This study differs from most previous studies of farm-
ers’ conservation behavior as it does not explicitly consider farmers’ investment in
conservation (Potter 1986); instead, it is concerned with how and why farmers man-
age the existing features on their farms (hedges, field margins, woods, and trees). This
difference is crucial as there is considerable evidence (Potter 1986; Pieda 1993) to
suggest that most farmers have a “creative” rather than “preservative” view of conser-
vation. Most of the previous research shows that advice on tree planting, pond cre-
ation, and woodlands is most commonly sought, and that leaving seminatural areas
undisturbed is not seen as conservation (Beedell and Rehman 2000). Newby et al.
(1977) found that farm size alone could not explain farmers’ attitudes toward conser-
vation as larger farmers were both more hostile (agri-businessmen) and more sympa-
thetic (gentleman farmers) to conservation than farmers in general. This finding has
led further investigations on the topic to consider both a farmer’s interest in conserva-
tion and his financial constraints as factors that determine his attitude to conservation
(Gasson and Potter 1988). In studying voluntary land diversion schemes, Gasson and
Potter (1988) found that the financially least constrained and most conservation ori-
entated farmers were the most receptive to the schemes, asked for below average
compensation for the land diverted and offered the most acres.

The way farming is presently practiced across the world and the impact of agri-
culture on wetlands is determined, to a great extent, by the levels of environmental
awareness, knowledge and attitudes of farmers, and stockbreeders (Oakley 1991).
A stronger “utilitarian” attitude to the natural environment has been found among
farmers owing vulnerable ecosystems compared to other population groups (Wilson
1992; Pyrovetsi and Daoutopoulos 1999). Gigerenzer (1996) pointed out that social
context of behavior, such as values and motivations, play an important role in the
rationality in peoples’ decisions. Thus attitudes have causal predominance over
behaviors (Heong et al. 2002).

There is consistent evidence in the literature indicating a relationship between
farmers’ attitudes toward environment and their farming practices (Fairweather and
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Fig. 2.1 Theoretical framework of factors influencing farmers’ sustainable agricultural attitudes
and behaviors (From Karami and Mansoorabadi 2008). According to this theoretical framework,
farmers’ action is guided by two kinds of considerations: attitude toward sustainable agriculture
and presence of factors that may further or hinder performance of the behavior

Campbell 2003; Rezaei-Moghaddam et al. 2005; Karami and Mansoorabadi 2008).
Karami and Mansoorabadi (2008) developed a theoretical framework to explain the
relationship between sustainable agricultural attitudes and behaviors. A schematic
representation of the theoretical framework of this study is shown in Fig. 2.1.
Briefly, according to this theoretical framework, farmers’ action is guided by two
kinds of considerations:

Attitude toward sustainable agriculture: Religious and spiritual values, quality
of life, access to information, personal characteristics, and attitudes of reference
group are the factors, which influence farmers’ belief system and contribute toward
formation of sustainable agricultural beliefs. The framework assumes that religious
and spiritual beliefs contribute to farmers’ attitudes toward sustainability, or
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more specifically that spirituality can be a resource in maintaining environment.
Furthermore, a correlation between farmers’ quality of life and attitudes toward
sustainable agriculture is assumed. Farmers who enjoy a better quality of life are
expected to possess more positive attitudes toward sustainable agriculture. One
feature of this framework is that access to information and type of information
received is a fundamental contributor toward attitude formation. Knowledge and
information bring confidence, skills, ability, and experience. If farmers believe that
it is easy for them to perform, then they are likely to engage in the behavior.
Personal characteristics such as farming experience and education are strong deter-
minants of attitudes. Finally, farmers beliefs about the normative expectations of
significant others (attitudes of reference group) is a major determinant of attitudes.
The view that women are closer to nature because of their nurturing and caring role,
leads the model toward assuming that women, due to gender-based division of
labor, and their role in attending to the everyday needs of the household, posses an
intimate knowledge of the environment. Therefore, even under similar conditions
women may develop different attitudes than men regarding sustainable agriculture.

Control factors: These are beliefs about the presence of factors that may further
or hinder performance of the behavior (access to resources and feasibility of sus-
tainable agricultural practices). The framework assumes that behaviors are not
within a farmer’s control. In their respective aggregates, determinants of attitudes
result in perceived social pressure or subjective norms; and control factors give rise
to perceived ease or difficulty of performing the behavior. In combination, attitude
toward the behavior, subjective norm, and perception of behavioral control lead to
the practice of a sustainable agricultural behavior. As a general rule, the more favor-
able the attitude and subjective norm, and given a sufficient degree of actual control
over the behavior, farmers are expected to carry out sustainable agricultural behaviors
when the opportunity arises. However, because many behaviors pose difficulties of
execution that may limit volitional control, it is useful to consider control factors.
To the extent that people are realistic in their judgments of a behavior’s difficulty, a
measure of perceived behavioral control can serve as a proxy for actual control and
can contribute to the prediction of the behavior in question. Farmers, who believe
that they have neither the resources nor the opportunity to perform sustainable
agricultural practices, are unlikely to form strong behavioral intentions to engage in
it even if they hold favorable attitudes and believe that important others would
approve of their performing the behavior. We would thus expect an association
between perceived behavioral control and actual behavior that is not mediated by
attitude and subjective norm. Economic factors, access to resources, and feasibility of
sustainable agricultural practices significantly affect sustainable agricultural behaviors.

2.4.3 Adoption of Sustainable Agricultural Practices

While many more farmers now seem to have a better awareness of the negative
environmental and social consequences of conventional and social consequences on
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conventional agricultural systems, this has not translated into a major shift toward
the adoption of sustainable practices (Alonge and Martine 1995).

As farmers increasingly confront declining per capita return arisen from minia-
turizing land holdings caused by steadily growing population, they are required to
make additional efforts to increase agricultural production. They will thus adopt an
agricultural system only when it is both economically and environmentally suitable
(Rasul and Thapa 2003).

The adoption of sustainable agriculture strategies/technologies has received
frequent attention in recent years, both by producers and consumers. Despite
economic and noneconomic disadvantages of conventional agriculture, farmers have
been slow to adopt these practices, and adoption appears to vary widely by region
and crops (Musser et al. 1986).

Attempts to explain the low adoption rate have been many and varied (Alonge
and Martine 1995). Lovejoy and Napier (1986), for instance, blamed the little success
achieved by past efforts to encourage farmers’ adoption of sustainable agricultural
innovations on what they termed the American penchant for attempting a techno-
logical fix for every problem. They contended that past efforts have concentrated
on telling farmers of the negative environmental impact of their production systems
in the hope of engendering attitudinal change and as a consequence the adoption of
Best Management Practices. They pointed to the futility of such an approach,
observing that findings of past research showed that farmers continued to use prac-
tices that degraded the environment even when they: (1) were aware of the negative
environmental impact of their agricultural practices; (2) believed they had a social
responsibility to protect the environment; and (3) had favorable attitudes toward
soil and water conservation (Alonge and Martine 1995).

Much of the research effort in adoption of sustainable agriculture has been
fragmented, with little coordination and integration. Several issues have not been
adequately treated in previous studies. While research on sustainable agriculture
systems has produced information on several alternative practices, little substantive
research has investigated the structure of belief and motivation that drive farmers’
decisions about sustainable agriculture systems adoption (Comer et al. 1999).

Such findings have raised questions about the relevance of the traditional diffus-
ing model for explaining the adoption of conservation technologies. Critics argued
that while the study of the adoption and diffusion of technologies under the rubric
of the classical adoption—diffusion model have contributed immensely to the under-
standing of the adoption process as they relate to commercial farm technologies and
practices, the model may not provide full explanation of the adoption process when
applied to sustainable agricultural practices (Alonge and Martine 1995).

Hence, the need for new perspectives has been called for in the study of the
adoption and diffusion of sustainable agriculture, with focus on access to, and quality
of information (Lovejoy and Napier 1986), the perception of innovations, and the
institutional and economic factors related to adoption (Alonge and Martine 1995).
Some studies have concluded that it is likely that the successful adoption of conser-
vation practices would be influenced more by a farmers’ attitude and perception,
than any other factor (Alonge and Martine 1995).
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According to classical technology adoption theory, technology adoption in agri-
culture is related to demographic characteristics of farmers, and occurs initially
among young, well-educated farmers who operate relatively large farms, and own
rather than rent land. However, innovations that are primarily focused on environ-
mental benefits (“environmental innovations,” e.g., integrated pest management) are
fundamentally different from traditional technologies, in that they may be complex
groupings of practices, which are not necessarily applicable to all farms, and they
may offer more benefit to society as a whole than they do to adopters. The demo-
graphic and attitudinal characteristics important in the adoption of environmental
innovations may be different than those for traditional technologies. Some studies
have found demographic and attitudinal differences between farmers practicing
conventional versus reduced-input agriculture. Others have found that farmers inter-
ested in reducing pesticide use are demographically and attitudinally similar to
mainstream farmers. Farmer support for reduced-input practices has also been
reported to be related more to attitudinal than demographic factors. The potential
impact of a given pesticide use reduction strategy will be greater if the strategy
appeals to farmers with average or typical demographics and attitudes. The adoption
of pesticide use reduction strategies can be facilitated through targeted extension if
the target group of farmers and farms can be characterized (Nazarko et al. 2003).

A basic assumption of farming systems research is that farmers are intentionally
rational in the way they manage their farming operations, including their choice of
technology. That is, they choose farming technologies in order to further their
goals, subjected to the constraints imposed by resource availability (land, labor, and
capital) and environmental conditions (biophysical and socioeconomic) (Cramb
2005). For small farmers who are struggling for food security, current needs are
more important than future needs. Even profit-seeking large farmers will not
venture into ecological agriculture unless it provides sufficient income (Rasul and
Thapa 2003).

Economic considerations are often very important in the adoption of conserva-
tion or reduced-input practices. Noneconomic factors can also be important in
farmers’ decisions to reduce agrichemical use. Also, concern about environmental
pollution is consistently positively correlated with farmer’s willingness to adopt
pesticide use reduction practices; however, economic factors often take precedence
over such concerns. Farmers’ perceptions of the economic outcome of reduced
pesticide use are critical to its adoption (Nazarko et al. 2003).

Kinnucan et al. (1990) observed that there is a relationship between age and
farmers’ adoption behavior. While younger, less experienced farmers are expected
to be more environmentally aware and more likely to adopt sustainable practices,
there is no consensus regarding the relationship between farmers’ age and environ-
mental concern.

It would therefore be expected that farmers with higher levels of education
would be more likely to implement pesticide use reduction. Despite, most compari-
sons between conventional and organic farmers do not show significant differences
in level of formal education (Nazarko et al. 2003). There is conflicting evidence
over the role of land ownership in the adoption of sustainable farming practices.
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Tenancy (rather than ownership) has been found to be negatively related to the
adoption of sustainable practices. However, economic pressures may override
incentives for conservation associated with land ownership. Membership in differ-
ent types of farm organizations may be representative of, or may influence, farmers’
perceptions of acceptable farming practices and knowledge of sustainable practices
(Nazarko et al. 2003)

The sustainability debate has taught that economic, social, and environmental
problems and, more importantly, their solutions are as much cultural as technological
and institutional. Cultural diversity, therefore, offers humanity a variety of ways of
developmental interaction and avoids the difficulties associated with any monocul-
ture, namely, loss of material for new paths of economic, social, and environmental
evolution, and a danger that resistance to unforeseen problems is lowered (Jenkins
2000). In addition to culture, study of the linkage between environment poverty and
sustainable agriculture to provide a more realistic picture of the situation has been of
great interest to researchers (Karami and Rezaei-Moghaddam 1998; Karami 2001;
Karami and Hayati 2005; Rezaei-Moghaddam and Karami 2006).

2.4.4 Gender and Sustainable Agriculture

Women’s survival and that of their household and communities depend on access to
and control of natural resources, such as land, water, forest, and vegetation. They
perform the majority of the world’s agricultural work, producing food for their
families, as well as other goods that are sold in national and international markets.
Women are traditionally the prime participants in the agricultural systems. In agricul-
tural production, the relationship of workers to the production process is different
from other types of capital production because it largely flows with the rhythm of
biological processes (Meares 1997). Family-based farming adds another element to
the relationship of workers to production; that is, boundaries are significantly blurred
between the household and the enterprise. Thus, “the unit of production — the agricul-
tural enterprise — is coterminous with the unit of reproduction — the farms household.”
Such muddy waters make understanding women’s and men’s work on the farm
complex and these difficulties may render women’s work “invisible” (Meares 1997).
Women have learned to manage these resources in order to preserve them for
future generations (Atmis et al. 2007). Although, the impact of attitude and behavior
of rural men on sustainability of agriculture is often acknowledged, the importance
of women’s attitude in shaping agriculture is ignored (Karami and Mansoorabadi
2008). Because women’s different and important contributions to the farm and
family are not institutionally recognized and addressed by the sustainable agriculture
movement, the movement’s goals, vision, and activities are gender-specific, dominated
by men’s participation and contributions (Meares 1997; Karami and Mansoorabadi
2008). Government and institutional policies often fail to recognize the importance
of women’s access to natural resources. While research has shown that agricultural
productivity increases significantly when female farmers have access to land and
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technology, women own less than 2% of all land. Women’s access to and control of
resources is far from guaranteed (Pearl 2003). Women suffer most from environ-
mental disasters and reduced availability of forest products. It is the women and
children who collect fuel wood, animal fodder, decayed leaves, and other forest
products. Furthermore, they are held responsible for tending sheep, goats, and other
domestic animals owned by their families (Boo and Wiersum 2002; CFAN 2005).

Some of the issues that have been addressed by sociologists with regard to

women’s impact on sustainable agriculture include the following:

The social construct of gender makes a difference in how farmers perceive
quality of life. This social construction, in turn, affects participation in the
sustainable agriculture movement. Traditional gender roles assign different
responsibilities to women and men. This has resulted in political, cultural, and
economic barriers that restrict women’s access to natural resources. For example,
women are frequently excluded from decision making. Community leaders may
not invite women to meetings related to resource use, or expect only the men to
present their concerns. Lower levels of literacy and education among women
may further restrict their participation (Atmis et al. 2007).

At the root of these gendered differences in quality of life is the fact that life
goals and daily experiences for male farmers within the family have changed
significantly as their involvement in the movement has intensified. Much of
what men emphasize in describing quality of life reflects the values the sustain-
able agriculture movement itself espouses: self-empowerment, social justice,
balance in economic gain and environmental health, creativity, and autonomy in
decision making and problem solving (Meares 1997).

In many developing countries agriculture is vital for sustainable rural development
and recognized as a main means for reducing poverty and ensuring economic
growth. In this sense, reducing poverty in rural areas depends significantly on
sustainable agricultural development. However, agricultural development should
be considered not only in increasing production, but also in developing rural
society that includes women (Akpinar et al. 2004). Women seldom have direct
access to, or control of, privately held resources, therefore, they are more likely
than men to be attuned to common resources and their condition (Chiappe and
Butler 1998). Even when women do have legal ownership of land, they are less
likely than male owners to make land-use decisions. Women'’s responsibilities in
the domestic sphere give them a different perspective on sustainability. Some
authors (Chiappe and Butler 1998) argue that women’s limited access to and
control over resources — financial, manufactured, human, social, and environmental
— often limits their ability to put their values into practice. Women’s concern for
quality of family is a key part of sustainability. Chiappe and Butler (1998) suggest
that not only do the women think that farming in a sustainable manner can
improve the health of their families and environment, but also claim that sustain-
able practices decrease labor time and increase free time to spend in other more
valued activities, such as vacationing with the family. Improving the health of
the family often involves using safer farming practices, in particular applying
fewer or no chemicals (Karami and Mansoorabadi 2008).
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e The view that women are closer to nature because of their nurturing and caring
role (biological determinism) is another basis for assuming sustainability role
for women. On the basis of empirical evidence (Mishra 1994) it would be more
precise to say that women are closer to nature because of the gender-based division
of labor, and their role in attending to the everyday needs of the household.
Women are the primary natural resources managers, and they posses an intimate
knowledge of the environment (Karami and Mansoorabadi 2008). Others argue
about women’s spirituality and how it mediated and required their honoring of
nature. Sustainability will require reconnect with the spiritual roots of humanity
(Ikerd 2001). Often, women sensed a strong connection between alternative
agriculture and their families’ spiritual values and beliefs. Spirituality and
religion are viewed as “women’s work” in many cultures, despite men’s formal
religious leadership. Women’s understanding of harmony with nature empha-
sized spiritual elements. The transcendence of spirituality is embodied in their
active choice to work with nature rather than overcoming it. In some cases, these
values and beliefs were deeply rooted in their religious backgrounds (Karami
and Mansoorabadi 2008).

* Generally, past studies concluded that young women with high levels of income
and education and with liberal political views are the most likely to consider
environmental protection a priority (Brody et al. 2004). Most research finds slight
evidence that women are more environmentally concerned or possess stronger
environmental attitudes than men; however, gender does not appear to be as
significant a predictor of environmental concerns or attitudes as other sociodemo-
graphic variables (Brody et al. 2004; Karami and Mansoorabadi 2008).

e Itis clear that farm women are not a homogenous group. Their position and role
in family farming depends on how they participate in the productive process and
is contingent on power relations in the household, on personal aspirations,
and on other individual characteristics. It is nevertheless useful to observe
the element of typological homogeneity amid the heterogeneity of groups
characterizing the female farm population. Such observation may help clarify the
differences at the level of roles and relationships, the better to interpret notable
variations in women’s behavior and predict future tendencies (Kazakopoulos
and Gidarakou 2003).

2.4.5 Social Impact Assessment and Sustainable Agriculture

Social impact assessment can be defined as the process of assessing or estimating
the social consequences that are likely to follow from specific policy actions or
project development, particularly in the context of appropriate national, state,
or provincial environmental policy legislation (Vanclay 2003; Burdge 2004).
It includes all social and cultural consequences to human populations of any public
or private actions that alter the ways in which people live, work, play, relate to one
another, organize to meet their needs, and generally cope as members of society
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(Momtaz 2005). Cultural impacts involve changes to norms, values, and beliefs of
individuals that guide and rationalize their cognition of themselves and their society
(Burdge and Vanclay 1995). Some have tried hard to define social impact assess-
ment as a process. For example Vanclay (2002) believes that social impact assessment
is the process of analyzing (predicting, evaluating, and reflecting) and managing
the intended and unintended consequences on the human environment of planned
interventions (policies, programs, plans, and projects) and any social change pro-
cess invoked by those interventions so as to bring about a more sustainable and
equitable biophysical and human environment.

Social impact assessment, is an overarching framework that encompasses all
human impacts including aesthetic (landscape, development, economic and fiscal,
gender, health, indigenous rights, infrastructure, institutional), political (human
rights, governance, democratization, etc.), poverty-related, psychological, and
resource issues (access and ownership of resources) (Vanclay 2002). The value of
social impact assessment in social development, policy making and planning, public
involvement, conflict management, and sustainable development has been acknowl-
edged (Barrow 2000).

In line with the triple bottom-line approach from sustainable development
(Vanclay 2004), the social impact assessment is of particular importance in consid-
ering the social sustainability of agriculture. There is no doubt that the social impact
assessment is as important, in some cases even more important than the assessments
of biophysical and economic dimensions of sustainable agriculture (Pisani and
Sandham 20006). There have been many agricultural development projects in devel-
oping countries focusing on rural area in arid and semiarid lands in the past 3 decades.
These have faced numerous social challenges such as a growing sense of rural
households’ dissatisfaction, negative attitudes, and conflicts with the project and as
a result unsustainability (Ahmadvand and Karami 2009).

The three main goals of sustainable agriculture are economic efficiency, envi-
ronmental quality, and social responsibility (Fairweather and Campbell 2003).
Certainly, social sustainability is a core dimension of sustainable agriculture. Social
impact assessment is necessary to provide information on social sustainability of
agricultural development. It makes agricultural sector more inclusive by involving
key stakeholders. It makes agricultural projects more socially sound by minimizing
or mitigating adverse social impacts, maximizing social benefits, and ensuring that
the projects are in line with sustainable development (Becker 2001). It has consid-
erable potential to give social criteria their rightful place alongside economic and
environmental criteria in sustainable agriculture. Social impact assessment is
important in sustainable agriculture development, because it helps planners, agri-
cultural development project proponents, and the impacted population and decision
makers to understand and be able to anticipate the possible social consequences on
human populations and communities of proposed agricultural development activi-
ties or policy changes. Social impact assessment should provide a realistic appraisal
of possible social ramifications and suggestions for project alternatives and possible
mitigation measures (Burdge 2004). For sustainable agriculture development,
perhaps more than any other application, social impact assessment must integrate
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with physical impact assessment (e.g., Environmental Impact Assessment), economic
appraisal, and other impact assessments (Barrow 2000). The need for such integra-
tion with other impact assessments arises because agriculture is being sustainable
only if complex of factors are right; if just one is inadequate, production falters and
may well fail.

2.5 Conclusion

Agricultural sustainability can no longer ignore the human dimension and social
dynamics that are the core elements of agricultural development. Although the
agricultural and ecological sciences are of vital importance, social sciences must
play their role to analyze the human dimension, which is central to understanding
and achieving agricultural sustainability. Sustainable agriculture is a philosophy
based on human goal and an understanding of the long-term impact of our activities
on the environment and other species. Sociology of sustainable agriculture has
contributed to our understanding of sustainability by the following:

» Offering different schools of thought (paradigms) about how to interpret and
achieve sustainability. There is a need for a shift in paradigm if sustainable agri-
culture is to be realized. A paradigm shift in agriculture is a change from one
way of thinking about agriculture to another. Sustainable agriculture is a complex
system, which requires changes in the hard system as well as soft system.

* Exploring the relationship between farmers’ attitudes and their sustainable farming
practices. In this regard sociologists have provided theoretical framework and
empirical models to explain the relationship between sustainable agricultural
attitudes and behaviors. These frameworks are used to guide policy makers,
development agents, and researchers on how to design and implement sustain-
able agriculture.

* Investigating the potential of diffusion and other alternative adoption models in
explaining and predicting sustainable farming practices. Although, studies have
found that cultural, economics, demographic, and attitudinal variables are impor-
tant in explaining farmers’ sustainable behaviors, the findings in this regards are
not conclusive and further investigations are needed to develop more robust
models with greater validity.

» Raising awareness regarding women’s role in sustainable agriculture. The neglect
of women’s role is due in part to the assumption of separation of family and
work. While in family farms the workplace and the family are often indistin-
guishable. Women concern for quality of family is a key part of sustainability.
It is clear that farm women are not a homogenous group. Their position and role
in sustainability is determined by their level of participation in the production
process. There is a general agreement that women’s actions from local to the
global policy-making arenas are a driving force for sustainability of agriculture.
Sociologists have explored how women advance sustainable agriculture and



2 Sociology of Sustainable Agriculture 37

made the role of women visible. It can be concluded that there is support for the
thesis that women play an essential role in advancing sustainable agriculture.

* Informing practitioners, researchers, and decision makers regarding the value of
social impact assessment in achieving agricultural sustainability. Social impact
assessment suggests what social changes are likely and what measures may be
needed to establish supportive social institutions crucial for promoting and sus-
taining sustainable agriculture.
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Chapter 3
Sustainable Versus Organic Agriculture

Juying Wu and Vito Sardo

Abstract Awareness and concern for problems related to environmental quality are
growing at a steady pace: climate change, biodiversity, soil fertility decay and above
all food quality and pollution are everyday subjects for debates and discussions. The
complexity of the problems and the uncertainty about many basic data quite often
make discussions inconclusive; even indications issued by scientific authorities are
sometimes misleading, and the problems are exacerbated by the frequent influence of
ideological positions. In an endeavour to contribute to clarify agriculture-related
environmental issues, a review is made here of the principles of sustainable agricul-
ture and of the ways to deal with them. The need is emphasized for a system approach
which is able to reconcile economic-productive, environmental and social aspects,
the three ‘pillars’ of sustainability, permitting to consider simultaneously the numer-
ous factors concurring to determine the most appropriate production strategy, and the
necessary flexibility in selecting and combining such factors is also outlined. A criti-
cal overview is made of the possible options for improving the sustainability of the
four principal groups of agricultural operations: cultivation, fertilization, irrigation
and pest control. For each of them, the sustainability level of various possible courses
of action is estimated as resulting from their expected impact on the three “pillars’ of
sustainability and indications are given to avoid risks deriving to agricultural sustain-
ability from misconceptions of non-scientific approaches, including some typical of
organic farming. For cultivation, the adoption of some form of conservation tillage is
suggested and the various possible options are critically examined. The conclusions
for fertilization are that generally the best solution is a blending of organic and min-
eral fertilizers and that food quality is not influenced by the origin of the fertilizer.
Criteria for optimizing irrigation system design and management are illustrated, with
reference to energy input, soil protection against erosion and salinity build-up, and reduc-
tion in production risks. For pest control, integrated pest management approaches
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including proactive activities and the parallel reduction to the possible extent of syn-
thetic pesticide applications result in the most sustainable solution. Emphasis is given
to those aspects of sustainability, such as soil and water conservation, energy savings,
CO, balance, which are often overlooked, yet are an important component of sustain-
ability. It is argued that an effective, long-term sustainability of agriculture must pri-
marily gain farmers acceptance and therefore selected solutions must guarantee profit
levels and productivity while not increasing risks. It is concluded that since the con-
cept of sustainability is fundamentally dynamic, site- and time-specific, proposed
solutions are expected to be flexible, custom-tailored for the single farms and open to
technological and scientific progress, avoiding any pre-concocted paradigm and dog-
matism; as a consequence, it is evidenced that some rigid principles typical of organic
farming are not compatible with sustainable agriculture.

Keywords Cultivation * Fertilization * Indicators ¢ Integrated pest management °
Trrigation » Land conservation ¢ Organic farming ® Pest control ¢ Sustainable agriculture
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ATTRA National Sustainable Agriculture Information Service, USA
CTIC Conservation Technology Information Centre, USA
DRC Desert Research Center, Egypt

EISA European Initiative for Sustainable Development in Agriculture
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3.1 Introduction

3.1.1 The Problem

In spite of some optimistic or not-so-pessimistic views (e.g. Penning de Vries et al.
1995; Avery 1999; Lomborg 2001), little doubt exists that conventional, high-input
agriculture is on the whole unsustainable and that steps must be taken to curb the
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environmental decay. Although food quality is sufficiently protected, at least in
theory, through the existing laws, and indeed no evidence is found in the scientific
literature supporting or rejecting a worse quality or taste of conventional food as
compared to the ‘organic’ food, yet the damage to the ‘natural capital’, not to men-
tion the social aspects very much stressed by Ikerd (1996, 2001a, b, 2008), is cer-
tainly high.

It has been reported that in the UK the ‘external costs’ of agriculture in 1996
amounted to a staggering 89% of the average net farm income (Pretty et al. 2000),
that annual damage by pesticides and fertilizers to water quality is suspected to range
in the billions of dollars (Doran et al. 1996) and that annual off-site damages from
soil erosion by water in the USA are over US$7 billion (Pimentel et al. 1993).

Many alternative, more or less fanciful approaches have been suggested to
conventional agriculture, all aiming to reduce the input of non-renewable resources
and all claiming to permit the achievement of sustainable agriculture, such as
integrated farming, ecological farming, permaculture, organic farming, alternative
agriculture, biodynamic farming and many others. Of all the above groups, only
organic farming can boast an established set of officially coded rules and stan-
dards, with minor differences among different countries (European Commission
2000, 2007; FAO/WHO 2001; Australia, Haas 2006; USDA 2007), and enjoys
substantial funding; nevertheless, many sound principles deserving full consider-
ation, sometimes more rational than those of organic farming, are suggested by
other systems, which can be usefully adopted in the quest for enhanced, more
sustainable agro-ecosystems. Conversely some principles of organic farming are
potentially hindering the progress towards sustainability, hence the need to objec-
tively evaluate all the possible combinations of cultural practices and then select
the optimized strategy for every single farm.

Integrated farming, for instance, developed by the EISA, a group of six
European organizations, is based on a set of sound, sensible rules judiciously
adopting some principles of organic farming, integrating them when they are
insufficiently restrictive, e.g. when the need to save energy or protecting the soil
is not sufficiently considered, and relaxing them when unreasonably restrictive,
e.g. when they totally ban synthetic pesticides and fertilizers. EISA released a
Common Codex for Integrated Farming which considers aspects of food pro-
duction, economic viability, producer and consumer safety, social responsibility
and conservation of the environment in a well-balanced manner (EISA 2000).
Later, it also released a European Integrated Farming Framework (EISA 2006)
which gives guidelines to progress beyond the National Codes of Good
Agricultural Practices.

The intention here is not to debate whether intensive, high-input farming
systems perform better or worse than alternative systems — it is out of discussion
that they must be actually improved; the point is rather to search procedures for
finding out the best combination of seriously based principles and strategies to
‘sustain sustainable agriculture’. It is important in fact to work out really sound
strategies able to gain a widespread and durable acceptance by farmers and opera-
tors, and therefore secure their long-term application, since really convinced farm-
ers can eventually become ‘the guardians of sustainability’.
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Strategies for determining sustainability in agriculture were analyzed, among
others, by Noell (2002), who compared four different approaches, ‘conventional
agriculture’, ‘integrated farming’, ‘ecological farming’ and ‘biodynamic farming’,
concluding that [n]either the optimistic basic assumptions of neoclassical economics
with regard to the unlimited substitutability of natural capital nor the pessimistic
assumptions of the ecological theory on the conservation of natural capital for
future human generations (inter-generational fairness) can be scientifically proved.
The “mixing ratio” of both positions in the agricultural production models and in
their sustainability strategies is therefore an expression of very reasonable subjective
risk attitudes in this respect.

Ekins et al. (2003) report and comment that the four kinds of sustainability proposed
by Turner (1993), ranging from ‘very weak’ to ‘very strong’, suggest that the more
reasonable are the intermediate categories, ‘weak’ and ‘strong’ sustainability. Their
position is balanced, refusing the two extreme positions of totally neglecting natural
capital and absurdly protecting it beyond any reason: the problem is to find a trade-off
within the two intermediate categories.

3.1.2 The Required System Approach

We are presently going through a critical phase of conversion in agriculture requiring
solutions for reconciling widely differing dimensions, namely, agricultural produc-
tivity, farm economic sustainability, environmental protection and social aspects.

The need to consider many dimensions simultaneously in a holistic approach
was acknowledged at least as early as 1984 (Douglass 1984) and later universally
accepted (e.g. Sands and Podmore 2000; Cornelissen et al. 2001; Sulser et al. 2001;
Noell 2002) since, as Smith et al. (2000) put it, agricultural practices that are eco-
logically sustainable may not be profitable, thereby being economically unsustain-
able. Measuring crop productivity or animal production alone also is not a
sufficient indicator of agroecosystem status because practices that achieve high
yields may not be ecologically or socioeconomically sustainable.

In a SAREP (1997) statement, [a] system perspective is essential to understand-
ing sustainability. The system is envisioned in its broadest sense, from the individual
farm, to the local ecosystem, and to communities affected by this farming system
both locally and globally. ... A system approach gives us the tools to explore the
interconnections between farming and other aspects of our environment.

Such a need for integrated approaches in agronomic research (integrated in
space and time, as opposed to the traditional approach, directed to the exploration
of single segments in single moments, such as dose—effect relations in plant nutri-
tion, irrigation or pest protection) led to adopt system methods, indispensable to
support the required dynamic and holistic approach: [T]he systems approach
can be described as the systematic and quantitative analysis of agricultural
systems, and the synthesis of comprehensive, functional concepts of them. The system
approach uses many specific techniques, such as simulation modeling, expert systems,
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data bases, linear programming and geographic information systems (GIS) (Kropff
et al. 2001).

The four points listed by FAO in the Framework for the Evaluation of
Sustainable Land Management (FESLM) (Smyth and Dumanski 1993) to assess
sustainability in land management are: (1) production should be maintained; (2)
risks should not increase; (3) quality of soil and water should be maintained and
(4) systems should be economically feasible and socially acceptable. They are
reasonable and generally accepted, with the only caveat that in view of the fore-
cast of increase in world population from 6 to 10 billions, by 2050 production
should not only be maintained (point 1) but increased accordingly, while of
course eliminating to the possible extent any areas of undernourishment.
Commenting them, Tisdell wrote: It appears to be important from an ecological
and economic point of view not to have preconceived ideas about the most appro-
priate agricultural system to achieve sustainability. However it would seem that
if FESLM is adopted, it would often be a system requiring external inputs but not
necessarily at a high level (Tisdell 1996).

3.1.3 The Need for Indicators

Since the problem of objectively and effectively assessing agro-ecosystems quality
has been impending on scientists for decades, quite a number of indicators have
been suggested: indicators are rools for aggregating and simplifying information
of a diverse nature into a useful and more advantageous form (Sands and Podmore
2000).

Janet Riley, in the preface to a special issue of Agriculture, Ecosystems and
Environment on indicator quality, highlights the lack of consistency in definitions
and the non-comparability of scale, concluding that the international challenge
then is to identify common indicators having consistent definitions across sectors,
themes and countries. ... More social and political indicators need to be created
and tested so that the transfer across different domains or cultures can be validated
(Riley 2001a), and elsewhere she judiciously adds: There is little problem with finding
an indicator; the problem is to find an appropriate one (Riley 2001b).

Doran comments that the use of simple indicators of soil quality and health
which have meaning to farmers and other land managers will likely be the most
fruitful means of linking science with practice in assessing the sustainability of
management practices (Doran 2002). Prato (2007) suggests the use of fuzzy logic
for assessing and ranking ecosystem sustainability and management, also highlighting
its possible shortcomings, and his approach addressing protected area ecosystems
can be also used, within limits, to obtain indicators for agricultural systems.

Since indicators for energy balance have been less explored than the others,
some consideration will be devoted to them: Spedding et al. (1981) stated that the
single most important aspect of agricultural efficiency in the future is likely to be
that of energy use.
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3.1.4 Indicators for Energy Balance

One important aspect in evaluating agricultural systems, which has been regrettably
overlooked with only a few exceptions (e.g. CLM 1996; Gomez et al. 1996; Uhlin
1999b; EISA 2000; Hiilsbergen et al. 2001; Hiilsbergen et al. 2002; Tzilivakis et al.
2005) is that related to energy input, since energy intensity is a measure of the
environmental effects associated with the production of crops (consumption of fossil
fuel and other resources, emission of carbon dioxide and other combustion gases)
(Hiilsbergen et al. 2001).

An indicator based on energy ratio or energy productivity (namely, the output/
input ratio) is not always meaningful, first because the energy in output, namely in
agricultural products, may have a negligible interest as explained by Pimentel
(1980), like in the case of ornamentals, and second because an extremely high
energy ratio can easily be achieved at the expenses of production whenever a very
low input, even close to zero, is adopted; in this sort of budget, the input of solar
energy is generally not considered, nor is that of human labour. The same consid-
eration applies to energy intensity, defined by Biermann et al. (1999) as the ratio of
energy input to that contained in the product and by-product, expressed in units of
Grain Equivalent (GE); production in terms of GE parallels to some extent dry matter
production (Biermann et al. 1999).

Energy gain, namely the difference between output and input, is a more significant
indicator: to illustrate this point, consider two examples referring to a low-input and
a high-input farming system (A and B system, respectively). In system A, an energy
input of 2 GJ (GigaJoules)/ha gives origin to an output of 12 GJ (about 0.8 t dry
matter); in system B, an input of 20 GJ produces an output of 60 GJ (about 3.5 t
dry matter). Clearly, the low-input system A has a better (higher) energy ratio,
namely, 12/2 versus 60/20, than system B; a better (lower) energy intensity than
high-input system B, namely, 2/0.8 versus 20/3.5, but such better performance in
terms of energy ratio and energy intensity masks the poorer productivity, as
revealed by energy gain, 10 GJ in system A and 40 GJ in system B. If agriculture
must feed evermore people without expanding the arable area, namely without
further loss of forests, biodiversity, wildlife and recreational areas, increasing the
unit output is of paramount importance.

Biermann et al. (1999) comment this point writing maximizing energy gains
ranks first, also from the angle of energetic use of renewable resources. The energy
intensity is particularly suited for rating product-related impacts on the environment
(resources and energy consumptions, CO, emission) and for deriving optimal fertilizer
and production intensity levels. Their long-term research, comparing effects of fertil-
ization with only mineral N, only organic N and combined mineral plus organic N,
shows that the best results in terms of both energy intensity and energy gain were
obtained when a combination of organic and mineral nitrogen was applied.

An analysis of energy indicators for Swedish agriculture (Uhlin 1999a) evidenced
that, contrary to what many maintain, intensive systems are more energy productive
than low-input, self-sufficient systems: compared to 1956, outputs in 1993 had a
40% increase as opposed to an input increase of only 14%, with a parallel enhance-
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ment in energy gain. Considering the solar energy productivity of plant production,
namely the gross biomass in plant production divided by total solar energy, a 75%
increase can be appreciated passing from 1956 partly traditional agricultural systems
to 1993 specialized, mechanized and fully fertilizer-based systems.

Iluminating indications can be obtained if the ‘emergy’ analysis is applied, since
it can supply guidelines for the improvement of the ‘Best Management Practices’
(Cavalett et al. 2006) and for logically linking environmental and economic evalua-
tions (Hau and Bakshi 2008). In the words of the latter authors, in fact emergy analysis
provides a bridge that connects economic and ecological systems. Since emergy can
be quantified for any system, their economic and ecological aspects can be com-
pared on an objective basis that is independent of their monetary perception thus
permitting to eliminate the highly subjective factors afflicting present economic
researches related to environmental factors. They explain: Through the last two
decades, economists have developed techniques to assign monetary values to
ecological products and services. However; this assignment typically relies on consensus
of boards of experts, often with tenuous physical and biological foundations, and
generally scaled to some market-derived values that may be, for example, highly
skewed by advertising. In contrast, emergy analysis is meant to be independent of
human valuation, but based on the principles of thermodynamics, system theory,
systems ecology and, ultimately contribution to survival.

Synthesis of Section 3.1 — Conventional, high input agricultural systems are not
sustainable, but sustainability is difficult to define and reach. System approaches
are required to flexibly combine solutions best fitting any specific condition, in
order to satisfy the three pillars of sustainability. To evaluate solutions in turn
indicators are required. Since energy input is a highly significant indicator of
pollution, it deserves special attention. Emergy analysis is an excellent indicator,
permitting to simultaneously evaluate economic and environmental aspects.

3.2 Striving for a Sustainable Agriculture

The discussion above leads to the following considerations: (1) today’s agriculture
has achieved the scientific and technical ability to provide food for a steadily
increasing world population, but the price paid to achieve this success, in terms of
environmental decay and quality of life, cannot be accepted and there is ample
reason to fear an irreversible decay of agro-ecosystems in the future; (2) strategies
for a sustainable agriculture are urgently needed and an arsenal of sometimes contrast-
ing ways to achieve sustainability is available, but sustainability is an elusive con-
cept widely varying with the various farms and agricultural systems; (3) progress
towards sustainability can be achieved provided that prejudice-free, flexible system
approaches are adopted, apt to the diverse circumstances and objectively supported
by appropriate indicators.

Although thoroughly validated, really holistic system approaches are not
immediately available; it is possible today to significantly improve present agricul-
tural systems by enhancing the knowledge of the multifarious aspects of agricultural
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reality and their implications rather than passively accepting pre-concocted,
all-purpose solutions.

Sustainability is a moving target wrote Hoag and Skold (1996) and as such it
requires flexibility in selecting the practices to be adopted.

The coordinated combination of practices and techniques selectively picked
from those tested and suggested by the ‘alternative agriculture’ groups, so defining
all those groups exploring ways to alleviate the high burden imposed by the high-
input agriculture, can offer sound, although not formally optimized, solutions,
provided that the necessary holistic and synergic approach be maintained by selecting
and combining the best from the various proposing groups rather than embracing
any of them as a religion, rancorously rejecting the others.

The costs and benefits of various agricultural practices must be based on local
values and local constraints, causing sustainable practices to be region and culture
specific (Tilman et al. 2002): no universal recipe exists.

In the following part a necessarily incomplete review will be exposed of the
possible impacts of the principal farming practices that must be simultaneously
evaluated in order to avoid neglecting some important aspects while giving too
much emphasis to others. Only for the sake of clarity, although admittedly the close
interrelationships linking them all should not be overlooked, the management
practices to be examined will be grouped under four headings:

e Cultivation
¢ Fertilization
e Irrigation

¢ Pest control

Practices in every single group will be analysed for their impact on the three ‘pillars’
of sustainability:

* Economy
¢ Environment
* Society

Again, since the economic, environmental and social impacts are closely inter-
locked, a separate analysis is in principle incorrect; however, it is deemed necessary
for sorting out the outcomes of the various possible actions. Furthermore it must be
considered that conflicting indications may result for every single impact, such as,
for instance, the need to associate no-tillage positive effects for protecting soil fer-
tility, sequestering CO, and minimizing off-site damages with the negative effects
of spraying herbicides, depending on the risk of local and downstream pollution.
Similarly, social aspects to be privileged can include increasing labour, which
conflicts with farm net profit and above all environmental pollution, human energy
being notoriously by far the most polluting of all.

A win—win solution can be found rather easily when only a couple of aspects are
considered, but finding the ‘best compromise’ solution can become a difficult task
when three or more conflicting aspects are simultaneously considered and a weight
must be assigned more or less arbitrarily to each of them. The scope of the present
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review is to present a down-to-earth framework at farm level and evidence some
rather diffuse misconceptions, with the aim of assisting farm operators in selecting
sustainable management strategies and rejecting charlatanisms.

3.2.1 Cultivation

Various forms of soil cultivation, or non-cultivation, exist ranging from mouldboard
ploughing to no-tillage, as listed below (from CTIC and Conservation Technology
Information 1998):

e Conventional tillage: mouldboard ploughing is followed by disking or harrowing,
implying soil inversion

* Mulch tillage or mulch ripping: the soil is tilled prior to planting with chisels,
disks, sweeps or blades; weed control is obtained with herbicides and/or
cultivation

* Ridge tillage: the soil is left undisturbed from harvest to planting except for
nutrient injection; planting is completed in seedbeds prepared on ridges with
sweeps, disk openers, coulters or row cleaners. Residue is left on the surface
between ridges. Weed control is accomplished with herbicides and/or cultivation.
Ridges are rebuilt during cultivation

* No tillage or zero tillage: the soil is left undisturbed from harvest to planting
except for nutrient injection. Planting or drilling is accomplished in a narrow
seedbed or slot created by coulters, row cleaners, disk openers, in-row chisels.
Weed control is accomplished primarily with herbicides. Cultivation may be
used for emergency weed control

It is worth to report preliminarily the conclusions of a research conducted in
Canada by Clements et al. (1995), who found no significant relationship between
the yields for a corn—soybean—winter wheat rotation and the energy expended
for the frequency and depth of cultivations, which implies that with intensive
cultivations there is ample room for energy saving and input reduction.
Conservation tillage, defined as any tillage and planting system that maintains
at least 30% of the soil surface covered by residue after planting (CTIC and
Conservation Technology Information 1998), encompasses a variety of solutions,
basically those defined above as mulch tillage, ridge tillage and no tillage. Although
attractive under several points of views (in the USA about 40% of corn is conservation
tilled according to Uri 1998; similar advantages can be expected in vast European
areas, Tebriigge and Diiring 1999), conservation tillage finds limitations in soils —
heavy, clay soils as well as soils prone to crusting are not apt to be conservation
tilled, Adeoye 1986; climate — conservation tillage cannot be adopted in humid
climate areas, due to excessive water intake rates consequent to macropores from
large earthworm burrows and root holes, Dunham 1979, as reported in Fowler and
Rockstrom 2001; and crops — vegetables, potatoes, beets, tobacco, peanuts cannot
be conservation tilled (Peet 2001; Uri 1998). As a consequence, a careful assessment
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of local conditions is required before embarking in a conservation tillage program.
Obtaining clear-cut and definitive information on the comparative efficiency of the
various solutions is not easy, not only because of the impact of local conditions —
soil, climate, crops — but also because real differences in results can be appreciated
only after a long-term experimentation; however, there is general consensus sup-
ported by some experimental evidence that reduced tillage and even more so no-
tillage are more advantageous than conventional systems not only in terms of
environmental protection and energy savings but also in terms of farm profit. The
results of a long-term experience conducted in Spain, for instance, demonstrated
that zero-tillage with only 0.72 kg/ha of glyphosate outperformed both conven-
tional and minimum tillage (Hernanz et al. 2002); opposite to that, a long-term trial
in Argentina could detect no significant difference in yield between conventional
and no-till management (Diaz-Zorita et al. 2002).

In plantations on a sloping land, environmental damages from erosion due to
mechanical cultivation, namely in-site and off-site effects, are certainly higher than
those from one or two yearly sprayings with glyphosate at the dose of less than
1 L/ha, which demonstrates that pollution from physical origin can be more harmful
than that from chemical origin. Mulching with polyethylene sheets, permitted in
organic farming (Haas 2006) is certainly much more polluting than spraying gly-
phosate. Similarly the flame weeders permitted in organic farming are not only
more costly than glyphosate (Kang 2001), but also much less efficient in the control
of perennial weeds and more demanding in terms of energy; therefore, they are
ultimately much more polluting.
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Anderson (2007) reports encouraging results obtained with field crops in the
semi-arid steppe of the USA through the adoption of no-till in a dualistic approach
of prevention and control which permitted to reduce to about 50% the amount of
herbicides.

Cover crops, often suggested as a means for weed control, are certainly attractive
but unfortunately can be applied only under certain conditions, since they compete
with the main crop for water, disturb water distribution patterns with some irriga-
tion systems, increase frost risk in some areas and are unable to compete with some
perennial weeds such as Cynodon dactylon (bermudagrass) or Sorghum halepense
(Johnsongrass). Cover crops are usually, but not necessarily, associated to conserva-
tion tillage, concurring to enhance the system sustainability, thanks also to their
potential in enriching soils in organic matter and nitrogen and their action in com-
bating weeds. Their acceptance is limited by their opportunity cost adding to the
explicit costs and in some regions by their competition with limited water resources.
The potential of plant cover in reducing water erosion is well acknowledged: for
instance Rizzo et al. (1994) demonstrated that increasing plant cover from 15-40%
to 50-90% reduced run-off from about 25 to about 3 mm after 1 h simulated
precipitation with the intensity of 48.7 mm/h on 9% sloping plots.

Buffering strips, otherwise called filtering strips, are one further method sug-
gested to protect the agro-ecosystems (e.g. Parsons et al. 1995; Vought et al. 1995).
They are based on the plantation of vegetated strips at some interval (varying with
land slope, soil intake rate and precipitation intensity), which check overland flow
and diminish water speed; this in turn entails the deposition of transported solids
with their load of pollutants, thus avoiding their accumulation. Additional benefits
of filtering strips include the encouragement of water infiltration into the soil and
the uptake of some chemical pollutants by protecting plants. The suggested width
of strips usually ranges from 5 to 50 m, particularly when they are used as riparian
buffers along a watercourse (e.g. Lal et al. 1999); however, examples can be found
of narrow grass hedgerows not wider than 50 cm (Huang et al. 2008), very effective
in reducing run-off and soil erosion. More forms of non-conventional agriculture
exist, aiming at reducing inputs and protecting the agro-ecosystem, including preci-
sion agriculture. Although attractive, promising and sound in its principles since it
is not rational to manage entire fields uniformly, ignoring soil variability, it pres-
ently does not enjoy a vast acceptance, requires a high-tech equipment, for instance
linking GIS to GPS, and a skilled management and can only be applied under spe-
cial conditions (e.g. Verhagen et al. 1995; Power et al. 2001; Precision Agriculture
and University of Minnesota 2002).

In those cases that conservation tillage, particularly no tillage, can be adopted,
advantages can be appreciable under diverse aspects:

* Economic: reduced tillage operations automatically reduce costs; particularly
with no-tillage, when feasible, root system in tree plants is not disturbed and
yield is often increased; grain yield is enhanced through the encouraged rainwa-
ter infiltration; costs for irrigation are reduced; in-site and off-site damages
depending on erosion and downstream pollution are mitigated;



52 J. Wu and V. Sardo

e Environmental: reduced cultivation implies reduced energy inputs (e.g. Swanton
et al. 1996), therefore determining less pollution; soil is less disturbed and its
structure is protected; accumulation of organic matter, a fundamental component
of fertility, is encouraged; microbial biomass and soil fauna are increased; Co,
releases to atmosphere are much reduced (e.g. Halvorson et al. 2002), with a
potentially appreciable alleviation of greenhouse effect; soil erosion and down-
stream pollution are mitigated; wildlife habitat is remarkably improved; chemical
contamination is lessened, in spite of the herbicide use required by conservation
tillage, in particular by zero-tillage;

e Social: workers conditions are improved due to the reduced/eliminated tractor
trips; a wide-ranging alleviation of pollution is achieved, from local fertility
decay consequent to erosion to off-site damages such as reservoirs siltation,
recreational areas impairments, rivers eutrophication, gas emission, water body
quality impairment, etc. It is worth to mention here that there is a general con-
sensus that off-site damages consequent to erosion far exceed in-site damages:
consequently, the advantages to the society of adopting a large-scale soil conser-
vation program implying the adoption of herbicides when necessary exceed
those to single farmers.

Synthesis of Subsection 3.2.1 — The possible cultivation modes range from
mouldboard ploughing to mulch tillage, ridge tillage, zero tillage and each
solution has pros and cons. Generally the trend is to reduce cultivation adopting
some form of weed control. Well-managed herbicides are less polluting than
plastic mulches and flame weeders. Cover crops and buffering strips can be
very useful solutions. Factors to be considered in the choice include fertility
maintenance, CO, sequestration, aquifer protection, erosion control and gas
emissions.
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3.2.2 Fertilization

Stinner and House (1989) suggested an inverse relationship between the levels of
chemical input and the system sustainability, and their principle is widely, more or
less implicitly, accepted; Zandstra (1994, as reported by Hansen 1996), however,
proposed a different scheme, with insufficient chemical inputs leading to exhaus-
tion of natural resources and excessive inputs leading to accumulation and eventually
to pollution.

The two principles are not as opposed as it can appear at first sight and can be
reconciled to some extent observing that Stinner and House suggest to reduce
chemical inputs through information and biological control, which implies avoid-
ance of exhaustion. Anyway it is worth reporting the conclusion in a paper of
Shapiro and Sanders (1997): Everywhere else in the world that food crop yields
have been substantially increased, inorganic fertilizers have been a principal com-
ponent of those yield increases. The other soil-fertility measures, especially organic
fertilizers and rock phosphate, are complements not substitutes for inorganic fertil-
izers. Some problems related only to nitrogen and phosphorus are briefly discussed
below; however, we cannot omit to comment the obligation by the Codex
Alimentarius (http://www.fao.org/DOCREP/005/Y2772E/y2772EOc.htm) to use
for organic farming sulphate of potash obtained by physical procedures but not
enriched by chemical processes to increase its solubility: this is a blatant example
of single-mindedness putting an unnecessary limitation, conducive to physical
pollution for the greater energy required in transporting and hauling more fertilizer
to compensate for its lower solubility. Energy for transport cannot be overlooked,
in fact: it is estimated that big container ships use about 0.04 MJ/t/km, and trailers
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use 1.9 MJ/t/km (Refsgaard et al. 1998; PréConsultants 2004). The same consider-
ation applies to other substances suggested by organic norms, such as phosphate
rocks, peat and guano, just on the ground that they are ‘natural’, without the due
consideration to pollution depending on shipping along thousands of miles.

3.2.2.1 Nitrogen

Nitrogen is the most widely used fertilizing element and is also the most highly
polluting. The principles of organic farming ban the use of synthetic fertilizers —
which gave origin to a flourishing industry of ‘organic’ fertilizers of uncertain
composition, dubious effects and extravagant cost — on the assumption that green
or animal manures enrich soil in organic matter and reduce nitrogen leaching.

While enrichment in organic matter by animal or green manure is unquestion-
able — but with other so-called organic fertilizers it is highly dubious — avoiding
nitrogen leaching has been demonstrated a wishful thinking, since the lack of syn-
chronization between N release by organic matter and N uptake by crops can lead
not only to an insufficient supply to crops in the critical phenophases (e.g. Myers
et al. 1997; Pang and Letey 2000) but also as a consequence to the leaching of
unused nitrogen (e.g. Bonde and RosswallT 1987; Yadvinder-Singh and Khind
1992; Kirchmann and Thorvaldson 2000; Russo et al. 2008).

Environmental considerations for animal manure include the criticism of Wilson
(2003) who remarks that the potential or real negative aspects of animal traction
include...the additional labour needed for feeding and care, degradation of land
and vegetation due to heavy grazing pressure and major additions to global warming
gases and suggests that costs can outweigh the benefits. Gapper (2006) reports that
bacterial contamination of Escherichia coli by animal faeces was found under
almost 10% of organically produced vegetables versus 2% of other produce.

Sieling and Kage (20006) highlight the possibility of achieving very reduced rates
of N losses from mineral fertilizers with an appropriate management, while more
serious problems may arise from the use of organic manures and slurries concluding
that slurry, especially when applied in autumn, increased N leaching more than inor-
ganic fertilizers.

More cautiously Tilman et al. (2002) wrote: Reliance on organic nutrient
sources is a central feature of organic agriculture, but it is unclear whether the
‘slow release’ of nutrients from organic compost or green manures can be ade-
quately controlled to match crop demand with nutrient supply to increase nitrogen-use
efficiency in intensive cereal production systems, thereby decreasing losses to
leaching and volatilization.

One further consideration is worth reporting: the type of fertilizer does not affect
the quality of the crop since when up-taking nutrients, plants do not care if they are
of organic or mineral origin, as reported among others by Evers for carrots (Evers
1989a, b, ¢), Stamatiadis et al. for broccoli (Stamatiadis et al. 1999), ATTRA for
wheat (ATTRA 2006), Russo et al. for lettuce, chicory and celery (Russo et al.
2008). Further evidence is supplied by Colla et al. 2000; Bulluck III et al. 2002;
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Williams 2002; European Commission, Directorate-General for Agriculture 2002;
Tomassi and Gennaro 2002.

Ali (1999) lists several rice-producing countries, including Taiwan, the USA,
Japan, India, Nepal, the Philippines and Pakistan where the adoption of green
manures (GM) has been nearly abandoned in favour of the more economic mineral
N. It is somewhat surprising his finding, referring to rice and supported by analo-
gous findings in researches conducted at IRRI by Ventura and Watanabe (1993) and
Cassman et al. (1996), that the hypothesis that the continuous use of GM enhances
productive capacity of soil better than inorganic fertilizer cannot be accepted.
Naturally it is expected that such results apply only to the tropical lowlands where
they operated and not to other lands since an abundance of experimental work sup-
ports the utility of GM, but this discrepancy underlines once again the importance
of abandoning any pre-constituted approach in favour of flexible solutions, fitting
the particular conditions of specific areas. Referring to southern Africa, for
instance, Abalu and Hassan (1999) comment that harvested crops mine the soil of
its nutrients unless they are replaced with plant residues, manures or fertilizers.
Southern Africa does not have and is unlike to have the capacity to produce the
quantity of plant residues and manures that would be adequate to replace the mined
nutrients. Indeed, as suggested by Borlaug (1995), raising the average use of fertil-
izers in southern Africa from its present low levels to something like 100 kg/ha
cannot be an environmental problem, only part of an environmental solution.

Impacts

* Economic: reducing nitrogen doses to the possible extent appears as a typically
win—win solution, with reduced costs and reduced pollution; however, it is not
100% true because the reduced physical input should be at least in part economically
balanced by the costs for monitoring, analysing soil and leaves and accurately
managing the fertilization. Compared to organic manure, mineral fertilization is
somewhat cheaper due also to the opportunity costs of green manures and
permits a more targeted and time-efficient action, thus reducing the risk of tem-
porary crop malnutrition. Several experiences in very different environments
(e.g. Kenya: Tisdell 1996; USA: Larson et al. 1998; southern Africa: Snapp
et al. 1998; southern India: Victor and Reuben 2000; Punjab, India: Aulakh et al.
2001; Germany: Hiilsbergen et al. 2001) concur to demonstrate that the highest
yields are obtained when a basic organic manure is integrated by a mineral
fertilization in moderate doses at the right crop phase. This practice was already
known in Europe by the nineteenth century, under the name of ‘sideration’
(Lampertico 1899).

* Environmental: the main environmental risk of nitrogen fertilization is depending
on the pollution of water bodies, which equally applies to both organic and inor-
ganic forms (Russo et al. 2008). Mineral N is notoriously one of the most
energy-demanding factors in farming activity; however, recent technological
progresses in fertilizer manufacturing have substantially reduced the energy
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required, passed from about 80 MJ/kg in 1972 to about 40 MJ/kg in 1997 (Uhlin
1999a). This makes energy requirement to obtain organic N from a green
manure very similar to that for mineral N; however, of course, green manure has
the additional advantage of enriching the soil in organic matter. Ammonia vola-
tilization depends much more on organic manure than on mineral nitrogen while
N leaching can be higher with green manure than with mineral N (Yadvinder-
Singh and Khind 1992). Furthermore, Witter and Kirchmann (1989a, b) demon-
strated that the addition of peat, basalt powder, magnesium and calcium failed
to reduce appreciably ammonia losses from animal manure.

* Social: a mixed organic/mineral fertilization as described above, with appropriate
doses of mineral N applied after controlling the nutrient level in the plant tissues
and the soil, permits to achieve the safest results in terms of pollution avoidance;
this in turn brings about a better fruition of recreational areas, fishing ponds and
water courses, and a reduction in emissions. Exchanging large N applications for
more analyses, monitoring and accuracy in management entails a more qualified
and rewarding job for operators. From the standpoint of food nutritional quality
the origin of N, whether mineral or organic, is not relevant (e.g. Tomassi and
Gennaro 2002). From the standpoint of consumer health, it has been claimed,
but not conclusively demonstrated, that animal manure can be dangerous due to
the contamination of fresh-consumed vegetables.

3.2.2.2 Phosphorus

Solid phosphoric fertilizers are available as mono-ammonium phosphate, di-ammonium
phosphate, triple superphosphate and single superphosphate; additionally, high-grade
liquid phosphoric acid is available.

Furthermore, phosphorus is available as phosphate rocks (PRs); Rajan et al.
(1996) give a review of PRs use for direct application to soils, listing advantages
and disadvantages as follows.

Interest in phosphate rocks (PRs) as direct application fertilizer stems from the
facts that

i. Per kilogram of P, PR is usually the cheapest fertilizer;

ii. Direct application, with or without amendments, enables utilization of PRs
which are unsuitable for manufacturing phosphoric acid and other soluble
fertilizers such as triple (TSP) or single superphosphate (SSP);

iii. Because PRs are natural minerals requiring minimum processing they are
environmental benign (Schultz 1992); and

iv. PRs could be more efficient than soluble fertilizers in terms of recovery of
phosphate by plants, even for short term crops in soils where soluble P is readily
leached, as in sandy soils (Yeates and Clarke 1993) and possibly for long-term
crops also in other soils (Rajan et al. 1994).

In spite of this, PRs are not widely used as direct application fertilizers. The
reasons are:
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i. Not all soils and cropping situations are suitable for use of PRs from different
sources;

ii. The large number of factors controlling their dissolution in soil and availability
to plants coupled with the inability to predict their agronomic effectiveness in a
given soil climatic and crop situation; and

iii. Their lower P content compared with high-analysis fertilizers which makes PRs
more expensive at the point of application if long-distance transportation is
required

Total phosphorus content of phosphate rocks is relatively unimportant, since what
really matters is its reactivity in the soil, which in turn depends on the soil itself,
the rock mineralogy and the level of rock grinding.

Phosphate rocks are acknowledged as non-active in alkaline soils and in those
soils on a calcareous matrix which are so common for example in the Mediterranean
region; to alleviate this problem, it is suggested to apply them in combination with
green manures or in the composting process. Grinding (‘micronization’) is sup-
posed to enhance their reactivity to some extent; however, it was not possible to
convert an unreactive to a reactive PR, even by ultrafine grinding to a size <0.02mm
(Khasawneh and Doll 1978). Gosling and Shepherd (2005) reporting the results of
aresearch conducted in four arable soils in England where organic farming had been
practiced for 15-54 years conclude: [T]he results ... indicate that soils in England
under mixed organic arable rotations are able to maintain concentrations of total
soil organic matter and N at similar levels to those found under typical conven-
tional systems, though there was no evidence of the increase reported by other
authors. However, the results do offer support to the argument that organic farming
is mining reserves of P and K built up by conventional management. This situation
is not sustainable in the long-term.

Impacts

* Economic: assessing a priori which is the most economic form of P fertilizer is
difficult. Excluding the use of phosphate rocks which can indeed be considered
as inert rocks in most areas and are a support at best (in alkaline soils they can
be only modestly reactive when combined to organic matter, which entails an
additional cost for hauling and handling), the selection is limited to the high-
grade or low-grade, more or less soluble solid forms. Of course liquid phosphoric
acid, which is the most costly, is only used in those cases where a permanent
irrigation system, particularly a microirrigation system, permits to distribute it
to the crops uniformly and inexpensively; it has in this case the additional advan-
tage of cleaning pipelines and emitters and discouraging the entry of insects into
the emitters while not being polluting because it is closely controlled.

* FEnvironmental: cadmium accumulation through the application of mineral P has
been a matter of concern; however, through novel manufacturing and refinement
processes, the Cd concentration has been reduced to <5 ppm P (HydroAgri
1998), whereas untreated phosphate rocks keep intact their Cd content. Energy
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considerations are one further factor against the adoption of phosphate rocks: in
fact although considerable savings in energy are achievable in their manufactur-
ing process compared to soluble forms, the required fine grinding and their
transport and application are highly energy-demanding, since a much higher
quantity of rocks is required compared to soluble forms. Edwards-Jones and
Howells (2001), referring to phosphate rocks approved for organic agriculture in
the UK, state that evidently their use is not sustainable.

* Social: once again, environmental considerations are closely interlocked with
social aspects. All those practices and technologies permitting to mitigate fertil-
izer environmental impact are simultaneously of benefit under social aspects.
Like in the case of nitrogen, the mineral or organic origin of phosphorus does
not impact the quality and nutrient value of food.

Synthesis of Subsection 3.2.2 — Environmental pollution can be brought
about by excessive or insufficient nutrient availability. Yield quality is not
affected by the source of nutrients, organic or mineral. The best results are
achieved through a combination of organic and mineral fertilizers. Organic
nitrogen is potentially more polluting than mineral. Phosphate rocks are often
useless as fertilizers and polluting due to their cadmium content and the
energy required for their treatment and hauling.

3.2.3 Irrigation

Irrigation can be the most expensive operation both in monetary terms and in terms
of energy input. The cost of a cubic meter of water in the Mediterranean area, for
instance, can exceed €0.50 (desalinized sea water costs in Cyprus €0.70/m?,
Y. Papadopoulos 2002, personal communication) while the direct energy input to
lift and pressurize water from deep wells can exceed 4 MJ/m?, with a corresponding
cost, just for electric energy, of over €0.2/m?. Furthermore, water availability is ever
decreasing and competition is mounting among the various uses — domestic, agri-
cultural and industrial — with agriculture taking the lion share, namely, up to 90%,
and using it rather inefficiently on the average. As a consequence a careful assess-
ment of real crop water requirements, an enhancement of conveyance and application
efficiencies, a better management and whenever possible the adoption of a deficit
irrigation schedule are needed: again, human inputs for plant water status monitoring,
correct irrigation management, irrigation system maintenance, participatory irrigation
management and capacity building are called in substitution of physical inputs.
More research and demonstration activity should be devoted to water harvesting,
which can be considerably useful not only in reducing irrigation requirements but
also in the reduction of overland flow and consequently in the protection of soils
from water erosion, as well as in leaching soils from salts accumulated with irriga-
tion water. The solution of tied ridges, or diked furrows, to be obtained either by
animal energy or when possible with the use of mechanical equipment, has been
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demonstrated to be very useful under a variety of conditions (e.g. Rizzo et al. 1994;
Shapiro and Sanders 1997).

The attitude of ‘alternative agriculture’ movements to irrigation ranges from
outright refusal ‘not to alter natural conditions’, to prohibition of using plastic pipes,
maybe in the belief that metal or asbestos-cement pipes are less polluting, to reject
of re-using treated domestic wastewaters, to acceptance, in a more realistic mood.

The selection and sizing of the most appropriate irrigation system, as a function
of specific human, climatic, economic, agronomic conditions are critical in the pro-
cess of optimizing the resources. Energy requirement, resulting from the sum of
direct energy to lift and pressurize water plus indirect energy for manufacturing and
installing the irrigation system, is a generally overlooked, yet important factor in the
selection of irrigation methods (Sardo 1982). To fully appreciate the data in Fig. 4 it
is useful to consider (a) that water is considered available without any need for lifting,
e.g. from a well, and (b) as a reference, that in the UK the overall energy input for
beet production ranges between 15.72 and 25.94 GJ/ha (Tzilivakis et al. 2005).

The negative water balance of hydrological basins in many areas is a factor
inducing to manage water more carefully and take advantage whenever possible of
the available non-conventional water resources. In particular, irrigating with
domestic wastewaters after a primary or secondary treatment can offer several
advantages, including the availability of nutrient-rich water, generally free of pollut-
ants dangerous to crops, unlike industrial wastewaters, and the savings linked to the
elimination of the expensive tertiary treatment (Hamdy and Karajeh 2001).

Also irrigation with brackish and saline waters is actively explored, with teams
studying plant response to irrigation at various salinity levels and implications on the
soil and the environment (e.g. INCO-DC 2001; DRC 2002). Results so far achieved
show that unsuspected possibilities are open for the use of large, till now neglected
unconventional water resources and that traditional guidelines based on crop salinity
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tolerance are often exceedingly restrictive. An accurate management when using
brackish waters is required to make sure that a correct salt balance is maintained in
order to protect soil fertility (Hamdy 1999). This is particularly true with supplemen-
tal irrigation, when reduced volumes of irrigation water are applied while the bulk
of incoming water is provided by rains, securing a sufficient salt leaching.

Wallender (2007) gives a very interesting example of an integrated model
permitting a simulation linking hydrologic, agronomic and economic aspects of
irrigation in San Joaquin Valley in California, taking into account soil and water
salinity. In his words the agricultural production model simulates agricultural
production decisions at the water district level. It is assumed that growers maxi-
mize profits subject to the pertinent resource and environmental constraints.
Given initial conditions on surface water allocation and soil, surface water, and
groundwater salinity, the agricultural production model simulates agricultural
production on an annual basis and produces spatially distributed information on
cropping patterns, water applications, groundwater pumping, irrigation efficien-
cies, and crop yields. The output from the agricultural production model is sub-
sequently used by the hydrologic model to simulate the impacts of these
management decisions on the natural system. His optimistic conclusion is of
particular interest: [T]his decade long effort to develop an integrated, scale
dependent analysis is the start of an effort to define sustainability of irrigated
agro ecosystems in terms of the quantity and quality of the soil, deep vadose zone,
groundwater, and surface water; the agronomic and ecosystem productivity; and,
finally, the economic viability.

3.23.1 Impacts

* Economic: in order to achieve the highest net income, when designing an
irrigation system a trade-off is required between application uniformity, labour
requirement and system cost: a higher uniformity and a lower labour require-
ment are in fact linked to higher capital costs but permit subsequent savings in
terms of water and costs for labour and energy. One further aspect to be consid-
ered is the cost for pressurizing the irrigation system, which may be not relevant
in those regions where only supplemental irrigation is practised, or whenever
pressure is obtained by gravity, but influences heavily the budget when volumes
of about 5,000 m*ha/year or more must be lifted and pressurized. Third, evapo-
ration losses depending on the selected system can be of importance, particularly
in those arid or semiarid regions where they can account for 30% or more.
A typically ‘win-win’ solution in many cases can be to reduce to the possible
extent water pressure at the nozzles, thus saving energy and money while reducing
evaporation; however, the risk is enhanced of large water drops splashing and
forming a crust on the soil surface and higher precipitation intensity due to the
reduced jet radius determining some overland flow. When carefully managed,
irrigation can be economically useful even in humid areas since it determines a
reduction in production risk.
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* Environmental: all those considerations applying to economic impact apply to
energy input as well, since savings in water quantities or in required pressure
automatically translate into energy savings. Furthermore, savings in water vol-
umes alleviate the burden on the often negative balance of water resources and
reduce the risk of water logging and salinization: it is not necessarily true that
excess water is beneficial for salt leaching — it is beneficial only under some
conditions while it can magnify the risk of salinization whenever a high water
table or a low-permeability soil horizon is present. When associated with fertil-
izer application irrigation permits to increase fertilizers efficiency, provided that
application uniformity is sufficient, thus reducing the applied quantities and
avoiding/reducing leached amounts.

e Social: irrigation is a powerful tool in the improvement of farmer’s social conditions,
not only in increasing their income and productivity but also in reducing the risk
depending on climate vagaries. It also adds to social stability by enhancing
the employment and food security, and concurs to enhance the cultural level of
irrigators. Further aspects refer to the quality of aquifers and watercourses,
which can be protected or impaired by an appropriate/inappropriate irrigation
management.

Synthesis of Subsection 3.2.3 — Irrigation is necessary for achieving high yields
in arid or semiarid areas and reducing risk in humid areas; however, it is very
demanding in terms of economic and energetic costs. It is necessary to find a
trade-off between capital investment and management costs depending on
local conditions. A sustainable irrigation management requires to consider salt
balance and soil erosion. Water harvesting is very useful to reduce irrigation
requirements and erosion risk. A reassessment of water quality for irrigation
is needed, particularly when applied volumes of irrigation water are modest
compared to rainfall.

3.2.4 Pest Control

Modern agriculture uses worldwide about 2.5 million tons of pesticides annually
(Wijnands 1997), and out of such quantity only about 0.4% reaches the targeted
pests, according to Pimentel (Pimentel 1995), while losses through volatilization
are on the order of 80-90% (Taylor and Spencer 1990).

Pesticides are considered a necessary evil; however, it has been estimated that
without their use food expenditure for western families would more than double
(Zilberman et al. 1991) and, much worse, food shortage would be more acute in
many third world countries: about 40% crop production would be lost, according to
FAO. Pest and pesticide control is probably the sector where a really integrated
view of farm management is most required: certainly, pest treatments by calendar
as largely in use till a few years ago and still in use today here and there are unsus-
tainable. The principles of targeting interventions according to real need as advocated
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by the Integrated Pest Management (IPM) are much more reasonable, entailing
only the shortcoming of some degree of risk.

It is not easy to define precisely IPM, since there is a variety of different defini-
tions, originated by different approaches (almost 80 definitions can be found on the
Web site of the Integrated Plant Protection Center, Oregon State University, http://
www.ippc.orst.edu/IPM); IPM, however, is generally seen as a component of infe-
grated farming systems rather than a component of organic farming. It must be
clearly appreciated that IPM is not organic farming. This is a critical point. IPM
may provide a bottleneck to the adoption of organic farming and vice versa (Jeger
2000). IPM as advocated by the principles of organic farming in fact is a restricted
version where the use of synthetic pesticides is totally banned, whereas IPM as
commonly intended aims at reducing their use to the possible extent.

The principles of IPM are presently being objected in favour of a still more
advanced view, somewhat integrating IPM, namely, the ‘pro-active approach’ seeking
to minimize pest outbreaks by avoiding conditions conducive to their growth and
dispersal (Chellemi 2000). Lewis et al. (1997) state in fact that the attempted solu-
tion becomes the problem ... application of external corrective actions into a sys-
tem can be effective only for short term relief ... the use of pesticides and other
treat-the-symptoms approaches are unsustainable and should be the last rather
than the first line of defense.

The main trouble with IPM in its presently adopted forms is how to determine
the threshold beyond which an intervention is warranted, since the threshold
depends on a multitude of factors such as pest population and its likely increase, the
intensity of predators and their likely increase, crop damage functions for individual
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pests, crop susceptibility according to the particular phenophases, weather condi-
tions and forecasts. The lower the threshold fixed for starting the intervention, the
lower the risk of pest damage to the crop but the higher the cost in terms of economy
and impact on the environment and the society, and as a consequence the threshold
cannot be decided with a priori rules of thumb. The principle of a ‘dynamic eco-
nomic threshold’, based on the modelling of the crop and pest evolution as impacted
by pesticide sprayings and aimed to maximize profit, was developed by Bor (1997);
the author suggested that future studies should enlarge the scope to include health
and environment-related aspects. Doubtless, an intense scouting and management
can greatly assist in safely raising the threshold level and reducing the external
input.

Some objection is raised against the advocated solution of crop rotating to control
pest development (Jeger 2000; Way and van Emden 2000). Leaving weeds grow on
field margins to encourage predators can be a sound practice but can also encourage
pests which nest there, according to Peet (1995), Gurr et al. (1998), Way and van
Emden (2000). Opposite to these views, crop rotation and the presence of hedges
are listed among the [k]ey aims, principles and management practices of organic
farming for pest and disease control in a sort of handbook published by Greenpeace
Environmental Trust (Parrot and Marsden 2002, p. 12). While this suggestion can
be accepted, although with some limits, their final suggestion of ‘hand picking’ the
pests (p. 12) is obviously absurd.

Successes of integrated pest management in the USA are illustrated by the leaflets
released by SARE (http://www.sare.org/10yrsofsan/pest/pestmgt.htm); on the other
side, the intensive monitoring, the relatively costly and sophisticated equipment
required by IPM and the inherent higher risk for crops make it unsuitable for many
developing countries, particularly in those areas where subsistence crops are grown
to sustain the farmer families. It can also be argued that IPM has few probabilities
of success at the other extreme, with very high-value crops, where no producer is
willing to take a chance: at both extremes a realistic target which can be reasonably
expected in the near future is just a reduction in pesticide input. An encouraging
paper by van Lenteren, however, reports a considerable trend towards biological
control expansion in Dutch greenhouses, even in the case of high-value ornamentals
(van Lenteren 2000); he also comments that cost-benefit analyses in greenhouses
show that biological control is the most cost-effective control method.

Sustainable approaches are those that are the least toxic and least energy intensive,
and yet maintain productivity and profitability. Preventive strategies and other
alternatives should be employed before using chemical inputs from any source.
However, there may be situations where the use of synthetic chemicals would be
more sustainable than a strictly nonchemical approach using toxic organic chemicals
(SARE 1997). Lewis et al. (1997) stress this point: the fact that a product is natural
and/or nontoxic does not necessarily mean it is less disruptive than synthetic
products. The important thing is to work as much in harmony as possible with the
system’s inherent defenses.

Way and van Emden state that appropriate conventional synthetic insecticides
will remain as important IPM components in many crop systems for the foreseeable
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future, as is evident from their continuing vital roles in some of our case histories.
... In summary, insecticides will continue to be widely used for the foreseeable
future, but more as relatively expensive stilettos, never again as cheap panaceas
(Way and van Emden 2000).

The efficacy of IPM in disease control, as opposed to pest control, is debated:
while Jeger is pessimistic (Biological control by natural enemies is a major compo-
nent in the control of arthropod pests in IPM programmes. By contrast biological
control of plant pathogens is still in its infancy and according to some sceptics will
never be weaned let alone reach adolescence, Jeger 2000) van Lenteren is optimis-
tic, at least for crops grown in greenhouses (van Lenteren 2000). Since the copper
and sulphur-based fungicides can be noxious under various respects, the adoption of
synthetic fungicides, at least under some circumstances, is presently unavoidable.

Recent progress has focused on the reduction of broad spectrum insecticides,
toxic also to useful insects, and on the development of selective alternatives; on the
use of pheromone traps, bails and phenology models; on the accurate monitoring of
the crops to protect, including also the control of climatic conditions such as the
relative humidity and the summation of degrees/day. Doubts can be cast, however,
on the accuracy of the summation of degree/days procedure which fails to acknowl-
edge the differences in temperature between the atmosphere and the plant canopies,
the latter being during the day several degrees warmer or colder than atmosphere in
dependence of plant water status.

The cost of the intensive scouting and monitoring may or may not exceed the
savings from pesticide reduction (Fenemore and Norton 1985; Peet 2001; Walker
et al. 1997, as reported by Way and van Emden 2000).

3.2.4.1 Impacts

e Economic: Pimentel et al. (1993) compared economic results for conventional
and alternative pest management practices in tomato, concluding that potential
reductions in herbicides were on the order of 80%, in conventional insecticides
also of 80% and in fungicides of 50%, with corresponding cost increases (for
mechanical cultivation, scouting and management) of 30%, 0% and 10%,
respectively; apparently, they did not consider additional shortcomings depending
on mechanical cultivation as mentioned above, however. An interesting research
conducted by Clark et al. (1998) with tomato and corn showed that economic
results obtained with organic and low-input management were basically the same,
and both were differing from conventional management negatively for tomato
(i.e. with higher costs) and positively for corn. Peet (1995, updated October
2001) reports that insect control with ‘botanicals’, namely chemicals extracted
from plants, is more costly than with conventional pesticides both for the higher
cost of botanicals themselves and for their shorter persistence requiring more
frequent sprayings.

e Environmental: Clark et al. (1998) and Edwards-Jones and Howells (2001),
applied the environmental impact quotient (EIQ) developed by Kovach et al.
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(1992) to evaluate the environmental hazard of pesticides suggested for organic
farming; the EIQ analyses three distinct categories of hazard, to farm workers,
consumers and the environment. The conclusion of Clark et al. (1998) was that
EIQ with organic farming is about half that with conventional farming in corn
while it is zero in tomato. The somewhat surprising conclusion of Edwards-
Jones and Howells (2001) was that generally, pesticides and fungicides permit-
ted for use in organic farms are less hazardous than those used in conventional
systems, but there are some clear exceptions to this rule. However, some evidence
suggests that when toxicity and volume are considered in an overall pest
management strategy, organic practices may have greater environmental hazard
than conventional ones (Kovach et al. 1992). For these reasons, we can state that
the crop protection activity of organic farming, and hence organic farming itself,
is not absolutely sustainable.

Further objections can be moved to the rationale of permitting the use of broad-
spectrum organic insecticides while prohibiting the more environmental-friendly
selective synthetic insecticides: energy saving, which is sometimes given as an
explanation, is not tenable because actually more energy is required by the produc-
tion, the more frequent spraying and more intense scouting requested by the
‘botanicals’. Furthermore, although it may come as a surprise, it must be acknowl-
edged that ‘botanicals’ can be more toxic than conventional, super-blamed syn-
thetic pesticides. Rotenone has an oral and dermal LD50 lower than both malathion
and sevin, and a shorter persistence (Peet 2001), but the shorter persistence, in turn,
obliges to more frequent treatments, which are not only directly harmful, but are
also indirectly polluting for the energy requirement and the soil compaction, not to
mention their higher cost.

The quotation of Edward-Jones and Howells reported above applies to insecti-
cides and fungicides, since no herbicide is approved for organic farming: objec-
tions against this unreasonable banning were illustrated above when discussing the
case of environmental damages from mechanical cultivation overwhelmingly
exceeding those from the use of herbicides. Solomon et al. (2000) worked out an
ecological risk assessment method based on the probabilistic theory, which per-
mits to make decisions according to the accepted agrochemical risk level; their
approach is interesting not only for the method itself but also because it implicitly
emphasizes the principle, basic to probabilistic theory, that some level of risk,
however small, is unavoidable. Including evaluation of hazards to the workers and
the consumers, EIQ as mentioned above is a good indicator of social impact; how-
ever, focusing only on the pesticide action, it fails to consider the side impact of
alternative solutions. For instance, the EIQ value of an alternative, organic, eco-
logically benign pesticide may well be less than that of the equivalent conven-
tional, synthetic pesticide, but it is also important to evaluate the impact of the
practices required to support the action of the environmentally benign pesticides,
such as more cultivations or more targeted fertilizations (for instance, silica addi-
tion). In conclusion an integrated approach to the integrated management is
needed, which is still missing
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e Social: by far the most important social aspect is of course related to food safety
and the permissible residue amounts. Tomassi and Gennaro (2002) report in their
review that no pesticide residue above permitted limits was found in fruits of peach,
plums and pears in a 2-year research conducted by the Italian Ministry of
Agriculture. Leaving to ongoing research the difficult task of determining the safe
limits to the presence of chemicals, it is worth quoting Haines (2000), referring to
the risk of non-chemicals, i.e. ‘botanicals’: botanicals are often claimed by propo-
nents to be environmentally safe and non-toxic to consumers because they are natu-
ral products. Such generalizations are clearly fallacious since many botanicals in
crude or purified form (e.g. opium, nicotine, curare) have pharmacological, hal-
lucinogenic or acutely toxic effects on humans and other organisms.

In order to issue reliable safety norms, the tolerable amounts of residues in the
food must be assessed with certainty and the risk of the ‘cocktail effect” must be
fully evaluated. To this scope the ongoing updating of the ‘Codex Alimentarius’
standards, aimed at best serving the concerns of all (the rich and poor) regarding
health, safety and trade in food (http://codexalimentarius.net/evaluation-en.stm)
gives reasonable hope of a major progress, since the core FAO and WHO commis-
sion is collecting suggestions from a large number of governmental and non-gov-
ernmental organizations worldwide.

Synthesis of Subsection 3.2.4 — Only a minor fraction of sprayed pesticides
hits the intended target, while most of them pollute the environment; however,
pesticides cannot be abandoned. IPM helps to enormously reduce their use and
is presently progressing towards the ‘proactive approach’. It is impossible to
totally ban chemical pesticides, also because ‘botanicals’ and the other pesticides
permitted by organic agriculture are less effective and/or more polluting. One
major problem is the determination of ‘threshold values’ for the treatments.

3.3 Discussion and Conclusions

Too many principles have gained dogmatic acceptance just because they have been
endlessly repeated and acritically accepted, for instance that diversity is mandatory
for ecosystem stability (experimental evidence and theoretical analysis reveal the
notion that diversity causes stability as oversimplified at best, if not dead wrong,
Dover and Talbot 1987; there is no reason to expect simple natural monocultures
to be unstable, May 1975); that ‘small is beautiful’ (small can be beautiful but
certainly is not useful if scale economies are disregarded); that organic food is
richer in nutrients and vitamins (which results untrue); that reducing any external
input to farms is highly desirable (the opposite is true, as demonstrated by Uhlin
1999a); that in large holdings, when capital (mechanization) is substituted for
labor; this lowers yields more often than it raises them (Altieri 2002), which needs
no comment, etc.
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Certainly a wise solution to contrast such a flood of absurdities is to invest in
multidisciplinary research and intense demonstration, and parallel activities of
capacity building with the active participation of the stakeholders. When convinced
producers become the sentinels of environmental quality obvious and durable
advantages on the ground of social and environmental impacts will be achieved.

Considerations on the economic impact are clear-cut: unprofitable agricultural
systems quite simply will never be accepted, and securing at least the same profit
and the same risk of conventional systems is a prerequisite for the large-scale suc-
cess of any sustainable system. The fact that growers accept for a while the rules of
subsidized organic farming does not imply that they really support the organic
farming principles: they just support the subsidy. The premium prices paid for
organic products are volatile and not guaranteed in time, since while organic pre-
miums are very high in a few markets, the global experience is somewhat less
promising as more and larger producers enter this lucrative niche. ... Promises to
farmers about enormous market profits may prove to be misleading, especially after
the two-three years it typically takes to be certified (IFAD 2005).

And it is easy to observe that an agriculture based on subsidies is not sustainable,
as demonstrated by many farmers who revert to conventional farming after the
period of subsidy.

In any case, it can no longer be tolerated that such an important issue as sustainable
agriculture falls prey to unskilled amateurs and dreamers (at best), while taxpayers’
money goes to funding activities of a dubious utility or even harmful to the environ-
ment such as some of those supported by organic farming. It is reasonable to expect
that the objective of the norms and subsidies be no longer to privilege niche pro-
ducer and niche consumers who can afford to pay premium prices for an undemon-
strated better food, but rather to (1) protect everybody’s health; (2) encourage food
production; and (3) effectively conserve the environment.

In the light of what has been discussed, pursuing sustainability in agricultural
systems appears as a still ill-defined but inescapable task, to be based as far as
possible on a global approach to farming systems, harmoniously combining all the
resources offered by science and technology.

It is striking that, unlike in the USA where much attention is dedicated to soil,
water and energy protection, in the rigid rules issued by the European Commission
for organic agriculture (European Commission 2007), organic production and
labelling of organic products, and in Regulation No 2092/91 and amendments
(European Commission 2000, 2002) no specific, explicit provision is made for
conserving soil, water and energy, nor to combat physical pollution. Only generic,
nebulous principles are enunciated to contrast physical pollution in spite of the so
often displayed EU concern for the environment, while an obsessive care is dedicated
to chemical pollution.

Although results obtained by researches are sometimes contradictory, due also
to the enormous variety of experimental conditions and the uncertainty in some
data, and their indications are sometimes biased, there is enough solid ground on
which is possible to work confidently.
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The complex problems require a cautious and flexible approach; however, a
down-to-earth, information-rich paper by Reardon gives an illuminating example of
the particular conditions to be faced when coping with a resource-poor agriculture
and the possible need for adopting opposite solutions in contrasting situations
(Reardon 1995). He comments that low-input systems are not necessarily benign to
the environment: [P Joor farmers stay poor when they use few external inputs; but
population still grows, so food demand rises, pushing farmers to crop marginal
lands of lower quality, which are easily degraded. Also Snapp et al. (1998), referring
to Malawi and Zimbabwe, outline the shortcomings in single-minded approaches:
Extension departments and non-governmental organizations have promoted the use
of organic matter technologies such as green manures for over 70 years in southern
Africa. ... Adoption of organic matter technologies has been nil. ... The technolo-
gies promoted require considerable labor inputs, and have often not met criteria of
farmers. As Rasul and Thapa observe (referring to Bangladesh, but the observation
is valid for most developing countries): Bangladesh cannot afford to provide subsi-
dies to farmers to make up shortfalls in crop production caused by environmental
conservation-orientated agriculture (Rasul and Thapa 2004). Of course their con-
sideration applies to those strategies overlooking the ‘economic pillar’ of
sustainability.

To some idealistic supporters of alternative farming, including the Soil
Association (2002), Altieri (2002) and Ikerd (2008), increasing labour input and
disregarding scale economies and reducing external inputs and fragmenting large
farms into small family units are highly desirable, but elementary economic consid-
erations as well as practical experience demonstrate the fallacy of their principles,
both in developing and developed regions, not to mention the environmental dam-
ages which would be brought about by the advocated increases in highly polluting
human energy input.

Man is ideally a governor, not a producer of energy for at least two good reasons:
for a matter of human dignity (it is preposterous to insist that man should do the
work that can be done by a donkey or a machine) and because man-developed
energy is enormously more polluting than any other. This apart, any consideration
on work affects economy and productivity.

Similarly, some idealistic supporters of alternative farming systems claim
the goal of a totally unpolluted environment, unaware that in most cases it does
not make economic sense to eliminate pollutants completely. That is, the cost of
eliminating a minuscule level of contaminants may well exceed the benefits. ...
The difficulty in assessing benefits of reductions in environmental damages has
led the Environmental Protection Agency to establish maximum levels of
acceptable pollution or environmental damage and to seek mechanisms to
reach these levels at least cost (Zilberman et al. 1999). Kristin Kuntz-Duriseti
(2004) with an acute analysis suggests solutions for a logically based integra-
tion of the precautionary principle into the cost-benefit analysis and presents
three methods for incorporating a precautionary response to uncertainty into
cost-benefit analysis in ways that balance economic growth and environmental
protection.
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Way and van Emden, in the discussion to their excellent review on IPM (Way
and van Emden 2000), wrote: The most important message from this review is that
priority should be given to application of the right kinds of applied ecological and
associated behavioural work in real situations in the field. At present, the balance
is wrong, with too high priority given to fashionable technologies. Yielding to fash-
ion is probably one major reason for the inexplicable blind acceptance of illogical
theories, while objecting to them is perceived as ‘politically incorrect’.

Our duty, as responsible researchers, committed environmentalists and components
of the civil community, is to seriously pursue the solutions appearing objectively
more sustainable, without yielding to fashions, obtuse philosophies and, even
worse, lobbies, be they on the side of industries or on that of the extreme
environmentalists.

Organic farming can appear at a first glance as ideally suited to achieve a
sustainable agriculture, and actually it is for some respects; the problem is that, in
spite of the claims of its supporters, not always organic farming can reasonably be
regarded as sustainable (Hodge 1993). Hodge’s criticism lists only a part of the
objections that can be raised against organic farming sustainability, as illustrated
among others by MacCormack (1995), Kirchmann and Thorvaldson (2000), Rigby
and Caceres (2001) and Edwards-Jones and Howells (2001). Elliot and Mumford
(2002) comment that organic agriculture relies on price premiums in a niche mar-
ket and prescribes certain technologies on ideological rather than pragmatic
grounds and suggest the adoption of integrated farming, abandoning the more
harmful technologies of conventional farming.

In order to counter criticism on the ‘organic’ term (all the agricultural systems
are organic, it was objected), Scofield (1986) argued that ‘organic’ refers to the
wholeness of the principles, which leads to the systematic connexion or co-ordina-
tion of parts in one whole. The explanation can be accepted, but then, as a conse-
quence, the organic farming enthusiasts for a matter of coherence must accept to
organically consider in their ‘wholeness’ all the factors that concur to sustainabil-
ity, including those so far eluded or anecdotally and nebulously treated because
they collide with some of their principles, such as energy saving and the impact of
direct and indirect energy used in the farming systems, the sequestration of CO, in
soils and plants, soil protection against water and wind erosion, water conservation
and of course the productivity level and the economic aspects of farming activity.
Also some aspects of integrated pest management as advocated by organic farming
principles are not exempt from criticism, as illustrated above and no satisfactorily,
rational explanation yet has been given to their total refuse of synthetic chemicals
(in the SAREP Web site it is reported: However, there may be situations where the
use of synthetic chemicals would be more sustainable than a strictly nonchemical
approach or an approach using toxic organic chemicals, SAREP 1997).

In this chapter there is no attempt to elaborate a new system for reaching sustain-
able agriculture: it is just an endeavour to work out a conceptual framework for
focusing and organizing some basic principles. The principal of them is not to
supinely accept any pre-conceived ‘philosophy’, but select in total freedom what is
perceived the best solution for any particular case (admittedly, this too can be
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considered a philosophy). A rational, sustainable farming system in fact must be
‘open’ since farming systems are multi-purpose and multi-method and therefore
highly dynamic; as a consequence, the process of elaborating an ‘optimized’ farming
system must be able to flexibly integrate in a synergic mode all the relevant aspects,
must be free from prejudice and dogmatism, and ready to promptly include any
useful new principle or technological innovation and to reject less-than-rational
solutions.

Only the adoption of elastic, advanced, rational strategies, to be selected in a
participatory process from all the stakeholders, principally well-informed farmers,
can secure a long-term and widespread acceptance of sustainable agriculture; this
appears the only way to transform ‘pragmatic’ into ‘committed’ producers
(Fairweather and Campbell 1996), or better to make the two categories overlap.

The task is evidently too challenging and the stake too important to indulge in
emotional, non-rational approaches: all the resources of science and technology
should concur in a coordinated, synergic effort towards the Holy Grail of sustain-
able agriculture. It seems fitting to report here in conclusion Thompson’s warning
that our society may collapse because of shortsighted stupidity on the part of the
pro-growth, resource-exploiting power elites, but the collapse will only be tragic if
it is shortsightedness or ignorance on the part of environmentally and ethically
concerned people that helps bring it around (Thompson 1992).

Synthesis of Section 3.3 - To achieve sustainability cultural practices must
be selected and combined independent of mainstream beliefs. Organic agriculture
principles are unbalanced: too conservative for chemical pollution and too
lenient for physical pollution, and this makes it unsustainable. Most organic
farmers do not really support organic farming but accept it for the sake of the
state subsidy. It should not be permitted that taxpayers fund unreasonable
practices: funding should be aimed at encouraging really sustainable farm
management by convinced, educated, committed technicians and farmers free
from obtuse ideological constraints.
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Chapter 4

Organic Agriculture and Food Production:
Ecological, Environmental, Food Safety and
Nutritional Quality Issues

Reza Ghorbani, Alireza Koocheki, Kirsten Brandt, Stephen Wilcockson,
and Carlo Leifert

Abstract Conventional agricultural systems should not only produce much
greater amounts of food, feed, fibre and energy to meet the global needs, but
also challenge problems to improve health and social well-being of man, reduce
dependence on fossil fuels, adapt to climate change and extreme weather, reduce
environmental degradation and decline in the quality of soil, water, air and land
resources throughout the world as well. The present one-dimensional physical and
chemical production systems should be replaced by an agricultural paradigm that
rely more on biology, ecology and sociology, and meet global food needs based
on the soil, water, land and fertility resources without compromising the capacity
of future generations in meeting their environmental, food and resource needs.
Organic agriculture as an alternative to conventional systems of food production
should contain features of agricultural systems that promote the environmentally,
socially and economically sound production of food and fibre, and aim to opti-
mize quality at all levels. The underlying principles are to minimize the use of
external inputs as far as possible and use of resources and practices that enhance
the balance of ecosystems and integrate components of farming systems into an
ecological system. Organic agriculture is developing rapidly and the organic land
area is increased by almost 1.8 million hectares compared to the consolidated data
from 2005. Worldwide, in 2006, over 30.4 million hectares were managed organi-
cally by more than 700000 farms, constituting 0.65 percent of the agricultural land
of the countries surveyed. Recognizing the ecological principles, self-regulating
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ability and system stability, agro-biodiversity, climate change and global warming,
soil nutrients and soil biology, erosion, nonchemical crop protection and gener-
ally agroecosystem health are the most significant ecological and environmental
issues regarding production systems. Organic agriculture in farming, processing,
distribution or consumption is to sustain and enhance the process of food safety
and health at all stages and levels of the agroecosystem in order to prevent serious
food safety hazards such as pathogens like prions (BSE), allergens, mycotox-
ins, dioxins, GMOs, pesticide residues, growth hormones, food additives like
colorants, preservatives, flavours, process aids, nitrite added to processed meat,
salt, added sugar and saturated fat. There are growing evidences suggesting that
organic agricultural systems produce enough quantity and quality foods and have a
number of ecological, environmental and health advantages for consumers over
food from conventional systems.

Keywords Organic farming « Biodiversity « Climate change ¢ CO, « Soil carbon
N,O « Methane « Soil microbial biomass « Erosion « Food quality

4.1 Introduction

The intensification of agriculture in conventional production systems has resulted
in major ecological, environmental and sociological, health and food safety problems
in the recent decades. Low stability, climate change and global warming, decreasing
biodiversity, accelerated soil erosion by wind and water, chemical fertilizers mainly
nitrogen, phosphorus and pesticides in groundwater and on food, the pesticide
‘treadmill’ caused by development of pest resistance to pesticides, routine use of
antibiotics for animals leading to antibiotic-resistant strains of organisms, pesticide
contamination of farm workers and agroecosystem health are some examples of
those problems. Additionally, an overreliance on grain crop monocultures and loss
of crop diversity in the aftermath of the ‘green revolution’ has resulted in a loss of
well-balanced diets (Magdoff 2007). On the other hand, the conventional approach
of increasing dependence on off-farm inputs, including fertilizers, pesticides and
energy for food, feed and fibre production, is of questionable sustainability resulting
in environmental degradation. Therefore, development of alternative production
systems that can preserve productivity and minimize the negative biological and
environmental consequences and long-term sustainability problems associated with
agricultural practices has a high priority in agriculture worldwide.

It is believed that organic agriculture addresses these public demands and has the
potential to improve the agricultural system’s biological functionality and diminish
some environmental pollution aspects of agricultural production (Boer 2003; Dabbert
2003). The ecological, environmental and food safety and nutritional benefits of
organic farming systems together with growing consumer demand for organic food
in many countries, show that organic production systems might be appropriate and
desirable alternatives to conventional systems (Poudel et al. 2002). The principal
guidelines for organic production are to use materials and practices that enhance the
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ecological balance of natural systems and integrate the parts of the farming system
into an ecological whole (Liebhardt 2003). In practice, this is achieved mainly by
excluding or prohibiting the use of most synthetically manufactured fertilizers,
pesticides, growth regulators, livestock feed additives and food additives, antibiotics
and genetically modified organisms. Greater reliance is placed upon crop rotations
including legumes and green manures, crop residues, animal manures, organic ferti-
lizers and mineral-bearing rocks to maintain soil fertility and productivity and
biological and mechanical control, for crop protection. However, it should be
understood that organic agriculture is not only using nonchemical instead of chemical
products or replacing only technology, but also is managing the whole system under
particular regulation and certification systems according to specific standards.

Whether the mentioned needs in our production systems can be met by ‘organic’
agriculture is still unknown and under discussions. This article is a review of some
of the current state of knowledge regarding ecological, environmental, food safety,
human health and quality aspects of organic agriculture.

4.2 Definition and Global Situation of ‘Organic Agriculture’

Organic agriculture has a long history with guidelines developed in 1924 to formalize
an alternative to conventional production systems (Hovi et al. 2003). This was associ-
ated with Rudolf Steiner and the development of biodynamic farming and agriculture,
which has unique features in addition to those of organic farming in general, and a
certification scheme established in 1928. This still operates today and is identified by
the Demeter and Biodyn labels on foods (Lampkin 1999). Organic farming can be
defined as a method of production, which places the highest emphasis on protecting
and enhancing the environment and minimizing pollution (Liebhardt 2003). Organic
farming systems focus on soil fertility as the key to successful production and reduc-
tion of external inputs by refraining from the use of chemosynthetic fertilizers, pesti-
cides and pharmaceuticals. Instead, natural resources and processes are relied upon to
manage soil nutrient status and pests, diseases and weeds and hence to influence
animal and crop product yields and quality under certain standards and regulations.
The International Federation of Organic Agriculture Movements (IFOAM) is the
worldwide umbrella of the organic movement and works to coordinate and unite the
organic food and farming at the international level. IFOAM described organic agri-
culture as ‘all agricultural systems that promote the environmentally, socially and
economically sound production of food and fibres by adhering to globally accepted
principles’. These are implemented within local socio-economic, geoclimatical and
cultural settings and indeed, IFOAM stresses and supports the development of self-
supporting systems at local and regional levels.

Codex Alimentarius Commission, the international food standard body estab-
lished by the Food and Agriculture Organisation of the United Nations (FAO) and
the World Health Organisation (WHO), describes organic agriculture in great detail:
‘Organic agriculture is a holistic production management system which promotes
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and enhances agroecosystem health, including biodiversity, biological cycles and
soil biological activity. It emphasizes the use of management practices in preference
to the use of off-farm inputs, taking into account that regional conditions require
locally adapted systems. This is accomplished by using, where possible, agronomic,
biological and mechanical methods, as opposed to using synthetic materials, to fulfil
any specific function within the system.’ (Sligh and Christman 2003).

Products labelled as organic must be certified by a third-party organization as
having been produced according to specific standards. The first standards on
organic agriculture were developed by private organizations, and the IFOAM basic
standards were first published in 1980 and have been continuously developed.
Today, the basic standards of IFOAM are applied worldwide, with minor differences
in interpretation in different countries. For example, the European Union has a
common set of minimum standards (European Commission 1991), while individual
European countries or organizations have additional requirements or limitations.
The need for clear and harmonized rules has not only been taken up by private
bodies, IFOAM and state authorities, but also by United Nations Organizations.
The FAO/WHO Codex Alimentarius Commission approved the Guidelines for the
Production, Processing, Labelling and Marketing of Organically Produced Foods in
June 1999, and animal production guidelines in July 2001. Throughout 2005 and
2006, IFOAM updated and integrated the Organic Guarantee System (OGS) and
‘harmonization’ programme to provide greater assistance to governments and private
bodies worldwide, which are cooperating on organic standards and regulations.
Currently the annex lists, which define what substances can be used in organic
systems, are under revision, and in the future the discussion about alternative treatments
for food processing will continue (Willer et al. 2008).

Organic agriculture is practised in most countries of the World and the extent has
continued to expand as more producers have realized that organic production is often
alegitimate and economically viable alternative enterprise (Creamer 2003 ). Worldwide
in 2006, over 30.4 million hectares were managed organically by more than 700,000
farms, constituting 0.65% of the agricultural land of the countries surveyed (Willer
et al. 2008). Table 4.1 shows that the Australia/Oceania continent accounted for the
majority with almost 12.4 million hectares, followed by Europe with almost 7.4 mil-
lion hectares, Latin America, Asia, North America and Africa. Australia is the country
with most organic land. China is second and Argentina is third.

Table 4.1 Land area in organic production in the world in 2006 (Willer et al. 2008)

Continent Land area (million hectare) % of global total
Oceania 12.4 42
Europe 7.4 24
Latin America 49 16
North America 2.2 7
Asia 3.1 10
Africa 0.4 1

Total 30.4 100
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Global demand for organic products remains robust, with sales increasing by over
USS$5 billion per year. Organic Monitor estimates international sales to have reached
US$38.6 billion in 2006, double that of 2000, when sales were US$18 billion and have
grown at a rate of 24% per year for the last 8 years (Willer et al. 2008). Consumer
demand for organic products is concentrated in North America and Europe. These two
regions comprise 97% of global revenues. Asia, Latin America and Australasia are also
important producers and exporters of organic foods. The global organic food industry
has been experiencing acute supply shortages since 2005. Exceptionally high growth
rates have led supply to tighten in almost every sector of the organic food industry:
fruits, vegetables, beverages, cereals, grains, seeds, herbs, spices (Willer et al. 2008).

In Europe, while the area under organic agriculture has risen rapidly over the last
decade, it represents only 3% of all agricultural land. However, organic agriculture
is the most dynamic sector within the whole of European agriculture, with produc-
tion increasing by 30% per year since 1998. The UK organic market has increased
rapidly in recent years, with a growth rate of 30-50% per annum. For example, in
the UK sales amounted to £802 million in 2000-2001, and increased by 33% on the
previous year (DEFRA 2002) and had exceeded £2 billion in 2006 (Soil Association
2007). Clearly, although organic farming’s share of the total agricultural area and
food production in the world may still seem very low, it is continuing to expand and
might play an increasingly significant role in future throughout the world.

4.3 Ecological and Environmental Issues

The ecological principles underlying different management practices must be under-
stood in order to predict the impact they might have on natural resources. This is a
key step towards an agriculture system that reconciles productivity with environmen-
tal conservation (Abbona et al. 2007). The intensification of agriculture has resulted
in major ecological and environmental problems in recent decades, notably decreases
in biodiversity of ecosystems and their associated food resources. This is likely to
continue with more intensification dependent on the use of synthetic chemicals and
genetically modified crops (Kleijn and Sutherland 2003). On the other hand, organic
agriculture aims to preserve the integrity and stability of the biotic community, build-
ing or at least sustaining soil productivity and biological resources used in the produc-
tion process of high-quality, safe food (McCann et al. 1997; Conacher and Conacher
1998; Lampkin and Measures 1999). This is achieved by exploiting self-regulating
ecological and biological processes and interactions to sustain productivity and
reduce environmental degradation. From the environmental point of view, a farming
activity is sustainable if its polluting emissions and use of natural resources can be
supported in the long term by the natural environment (Payraudeau and Vanderwerf
2005). Diagnosis of the environmental impact of agriculture therefore constitutes the
first step in the overall assessment of the sustainability of agriculture. Efficient meth-
ods combining suitable indicators are needed to comprehend and assess agricultural
impacts on the environment (Haas et al. 2001) such as the conversion of conventional
or intensive agriculture to organic and extensive farming.
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4.3.1 Self-regulating Ability and System Stability

Agriculture is under pressure to reform towards a greater degree of sustainability
(Oborn et al. 2003), which can be achieved by conversion from conventional to
organic farming systems (Condron et al. 2000) that adopt approaches that stimulate
the self-regulating capacity of the agroecosystem as much as possible (Lammerts-
van-Bueren et al. 2002). Organically grown crops should have characteristics that fit
and support those self-regulating capacities such as natural resistance, natural pest
control and biotic regulation of soil fertility. Self-regulating ability of organic eco-
systems can be defined as the capacity to resist the effects of small and large pertur-
bations or as the presence of enough resilience to counter them without high external
chemical inputs (Lammerts-van-Bueren et al. 2002). This self-regulating ability
increases system stability and reduces risk of reduction in the agroecosystems’ pro-
ductivity. Organic agriculture bases its sustainable self-regulating production system
on the concept of a farm as an agroecosystem. An agroecosystem is shaped by the
strong interaction between the biotic and nonbiotic environment, the genetic compo-
sition of species involved and the management of resources available to the farmer
(Swift and Anderson 1993; Almekinders et al. 1995; Lammerts-van-Bueren et al.
2002). The biotic diversity includes associated organisms (pests, diseases, antago-
nists, predators and beneficial organisms) that contribute to the self-regulating
capacity through balancing or feedback mechanisms (Almekinders and Struik
2000). Organic farmers support all these interactions at different levels of the pro-
duction system in such a way that the farm can utilize ecosystem functions provided
by agro-biodiversity, such as nutrient cycling, water and soil conservation and applying
biological control strategies (Altieri and Nicholls 1999). For example, application of
integrated pest management (IPM) rather than individual control methods is highly
emphasized by organic agriculture. However, many agroecologists believe that [IPM
is not just about management of pests alone; it is a sustainable crop production
approach based on sound ecosystem analysis (Speiser et al. 2006).

4.3.2 Biodiversity

Biodiversity is the sum of all living organisms including plants, animals and micro-
organisms in the world or in a particular area (Raven 1994). An additional strength
of organic farming systems is their diversity — including the diversity of crops,
fields, rotations, landscapes and farm activities (mix of various farm enterprises).
Positive effects of enhanced biodiversity on pest prevention have been shown by
several authors (Pfiffner and Luka 2003; Wyss et al. 2005; Zehnder et al. 2007).
Similar effects of diversified agroecosystems on diseases and better utilization of
soil nutrients and water are also likely to occur (Altieri et al. 2005).

In sustainable agricultural systems, biodiversity has fundamental importance by
providing a range of biological services including natural enemies. In conventional
farming systems, these services are effectively substituted by external inputs.
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As biodiversity and consequently genetic diversity are reduced, the integrity of the
agro-ecosystem in terms of disease resistance and optimal resource cycling is
eroded. The most extreme loss of biodiversity is represented in monocultures. The
inherent genetic uniformity in monocultures, especially those with a single uniform
variety, is highly susceptible to and unstable against pests, diseases, weeds and all
environmental stresses (Geier 2000). Therefore, from a yield point of view, crop
diversity is an important tool to minimize crop losses due to diseases, pests,
droughts, floods and other adverse external factors and significantly reduces the
risk of food shortage in case of crop failure of a particular species within a rotation
or mixed-crop stand. Most diseases and pests affect only one crop, and often propa-
gate faster and more extensively if this crop is grown on large, continuous areas.
For soil-borne pests and diseases, it is well known that the best prevention is simply
to avoid growing the same plant species on the same field too often and the same
applies to some pests and diseases that affect the foliage. Such well-established
practices within farming systems have long contributed to biodiversity, sustainabil-
ity, protection of the abiotic resources and nature preservation, but the effectiveness
of other practices is often unknown (Oppermann 2003). For example, the potential
risks of transgenic crops, which are also called genetically modified organisms
[GMOs] for biodiversity and the environment were overshadowed by the potential
benefits in the early phases of commercialization. However, recent scientific assess-
ments concluded that some risks posed by transgenic crops are unique, and that the
regulatory system has not been functioning effectively. The major risks include
increased resistance to particular pesticides, gene flow into related plant species,
and negative effects on non-target organisms. Significant gaps in knowledge, often
stemming from missing markets for ecological services, warrant a cautious envi-
ronmental regulatory approach for transgenic crops (Ervin et al. 2003).

Creating biodiversity within a crop is an organic cropping technique that
improves the reliability of food supply. Some communities that traditionally depend
on vegetatively propagated root crops such as potatoes, e.g. in the Andes mountains
of South America, carefully mix many different genotypes in the field. The most
popular ones that give the highest yields or the most palatable tubers are usually the
most susceptible to diseases and pests and hence crop failure. However, by mixing
them with resistant but lower yielding or less desirable genotypes, a reliable food
supply is ensured. The same applies to mixtures of other crop genotypes, which
usually have less disease and higher average yield than the same genotypes grown
separately (Wolfe 1997). In practice, however, seed is rarely sold as mixtures of
species or varieties. Most conventional seed is sold as single genotypes primarily to
ensure that intellectual property rights of the breeder and phytosanitary regulations
can be regulated and controlled. Production and processing is also simplified and
using a single variety ensures completely uniform ripening in the field, which is
particularly important for large-scale mechanical harvest, but more difficult to
achieve with mixtures. In contrast, for the subsistence farmer, who does not pur-
chase new seed every year anyway, complete genetic uniformity is neither realistic
nor particularly desirable; in fact the most important characteristics are local adap-
tation to the prevailing conditions of soil and climate (Brandt and Kidmose 2002).
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Mixture cropping may provide both organic and conventional producers with a
more sustainable approach in reducing weed pressure, crop rotation flexibility,
improved yield stability, buffering against pests and diseases, minimizing soil variabil-
ity and increasing animal feed value (Kaut et al. 2008). Intercropping, multiple crop-
ping and other interspecies biodiversity such as the number of different crops grown in
the rotation within and between years could encourage higher numbers of related
micro-organisms, insects, worms, weeds and soil fauna. This is not the case in inten-
sive, conventional systems, which can lead to extreme losses of biodiversity and to
combat this trend, agri-environment schemes have been introduced, in which farmers
are paid to modify their farming practice to provide diversity and ecological benefits.

Organic agriculture is an ecological production management system that pro-
motes and enhances biodiversity, biological cycles and soil biological activity
(Haas et al. 2001; Vetterli et al. 2003) and organic growers promote diversity at all
levels (Liebhardt 2003). There are evidences showing that insect pest control is
enhanced as a consequence of greater biodiversity on organic farms, and an increase
in the diversity of insect predators and parasitoids can have positive or negative
effects on prey consumption rates (Letourneau and Bothwell 2008). By adopting
mixed cropping, applying organic fertilizers such as composts and farmyard
manures, using mulches and cover cropping and avoiding synthetic chemicals, habi-
tats are provided for a variety of macro- and micro-organisms. Some of these may
be beneficial and keep pest and disease damages below economically damaging
levels (Liebhardt 2003). Therefore, the organic farming systems regard biodiversity
as an irreplaceable production factor or even a driving force at different levels of
the farming system, and as an instrument for preventing pests, diseases and weeds
(Geier 2000). Such a self-regulating, stabilizing force in agroecosystems provided
by biodiversity is not simply governed by the number of species involved, but
mostly by a selective number of specific, functional species in an appropriate ratio.
Therefore, depending on the quantity and quality of species in the agroecosystems,
the organic farmer faces the challenge of managing site-specific diversity and iden-
tifying the correct combinations of species (in time and space) that through their
biological synergism achieve the self-regulating capacity of his individual farm
ecosystem (Lammerts-van-Bueren et al. 2002).

4.3.3 Global Warming and Climate Changes

Climate models predict that a doubling of current atmospheric carbon dioxide (CO,)
levels will cause a global increase of 1.4-5.9°C in mean surface air temperature by
2080 (Houghton et al. 2001). This increase in temperature is also likely to be
accompanied by an increase in temperature variance. Moreover, extreme weather
events that were previously rare for example, heavy precipitation or long droughts
may become more frequent (Hulme and Jenkins 1998; Houghton et al. 2001).
However, changes in temperature, precipitation and atmospheric CO, levels could
lead to mistaken conclusions about the magnitude and direction of environmental
impacts (Abler et al. 2002).
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Nevertheless, such changes have implications for pest, disease and weed outbreaks
in agroecosystems (Risch 1987) through effects on physiological development,
migration and dispersal. Although external inputs such as chemical fertilizers,
pesticides and genetically modified varieties may provide some buffering against
climate change in conventional agriculture, organic agriculture is far more depen-
dent on internal resources within the system (Stacey 2003) and this has important
economic implications for both conventional and organic farmers.

Atmospheric concentrations of the greenhouse gases carbon dioxide (CO,),
nitrous oxide (N,O) and methane (CH,) contributing to climate change are increas-
ing at a rate of approximately 0.4, 0.6 and 0.25% per year, respectively (IPCC
1997). There is a growing interest in quantifying the significant sources and sinks
of these trace gases and the international community has taken steps to reduce these
emissions (Flessa et al. 2002).

The greenhouse gases and atmospheric loading due to agricultural production
may be strongly influenced by the type of farming and land management system
used (Flessa et al. 2002; Dalgaard et al. 2003). Agriculture plays a major role in the
global fluxes of these greenhouse gases (Robertson et al. 2000; Flessa et al. 2002)
and is assumed to be one of the major sources (Figs. 4.1 and 4.2), particularly of
N,O and CH,. Nitrous oxide emissions from agriculture are estimated to account
for more than 75% of the total global anthropogenic emission (Duxbury et al. 1993;
Isermann 1994), the major part being produced in soils as an intermediate during
nitrification and denitrification (Hutchinson and Davidson 1993). Overall, agricul-
ture accounts for approximately one fifth of the annual increase in radiative forcing
(IPCC 1997), which is a measure of the change in balance between incoming and
outgoing radiation at the earth’s surface.
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Fig. 4.1 Greenhouse gas emission such as carbon dioxide (CO,), methane (CH,) and nitrous
oxide (N,O) converted to CO, equivalents, by sector in 2004 (Barker et al. 2007). Agriculture and
forestry together play a major role in the global fluxes of the greenhouse gases carbon dioxide,
nitrous oxide and methane
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Fig. 4.2 Main sources of greenhouse gas emissions in the agricultural sector in 2005 (Smith et al.
2007). Soil emission and enteric fermentation are the main sources and agriculture is assumed to
be one of the major sources particularly of nitrous oxide (N,O) and methane (CH,)

Composting and biogas production are often suggested as measures for mitigating
climate change. In this context, benefits of aerobic fermentation of manure by means
of composting are ambiguous: while a shift from anaerobic to aerobic storage of
manure can reduce CH, emissions, nitrous oxide emissions increase by a factor of
10 (Kotschi and Miiller-Samann 2004).

4.3.3.1 Carbon Dioxide

Agriculture can help to mitigate climate change by either reducing emissions of
greenhouse gases (GHGs) or by sequestering CO, from the atmosphere in the
soil. The global warming potential (GWP) of agricultural activities can be defined
as GHG emissions in CO, equivalents per unit land area or per unit product.
The global warming potential of organic farming systems is considerably smaller than
that of conventional or integrated systems when calculated per land area. This
difference declines, however, when calculated per product unit, as conventional
yields are higher than organic yields in temperate climates (Badgley et al. 2007).
Under dry conditions or water constraints, organic agriculture may outperform
conventional agriculture, both per crop area and per harvested crop unit. Typically,
conversion from conventional to organic farming leads to a lower total fossil energy
use (Flessa et al. 2002). Organic farming practices may result in a lower amount of
CO, production per area of agricultural land; but in most cases the reductions in the
energy input were higher than the reductions in CO, output from the production.
Consequently, there are reports that energy efficiencies, defined as output per
energy input, are higher in organic than in conventional farming. Reductions in
fossil energy use lead to similar reductions in the emissions of CO,, which cause
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less GHG contribution (Dalgaard et al. 2003). Artificial nitrogen fixation for
synthetic fertilizer manufacture and use in conventional agriculture consumes large
amounts of non-renewable energy supplies responsible for CO, emissions and
contributes to the greenhouse effect. The same is true for emissions of N,O, which
is approximately 300 times more powerful than CO, in its contribution to the green-
house effect (Vetterli et al. 2003).

Organically farmed soils are likely to be a larger sink for CO, compared to many
conventionally farmed soils (Jareckia et al. 2005). This is mainly because of their
higher biomass levels fixed in the form of root material. Restoration of soil organic
carbon (SOC) in arable lands represents a potential sink for atmospheric CO,.
Strategies for SOC restoration by adoption of recommended management practices
include conversion from conventional tillage to no-till, increasing cropping inten-
sity by eliminating summer fallows, using highly diverse rotations, introducing
forage legumes and grass mixtures in the rotation cycle, increasing crop production
and increasing carbon input into the soil (Jareckia et al. 2005).

Arable cropland and permanent pastures lose soil carbon through mineraliza-
tion, water and wind erosion and overgrazing. Global arable land loss is estimated
to be 12 million hectares per year, which is 0.8% of the global crop land area or
1,513 million hectares (Pimentel et al. 1995). This rapid loss is confirmed by
experimental data from Bellamy et al. (2005) in England and Wales. Between 1978
and 2003, they found carbon losses in 92% of 6,000 soil samples. Annual CO,
emissions from intensively cropped soils were equivalent to 8% of national indus-
trial CO, emissions. Therefore, if agricultural practices remain unchanged as it is
in current intensive production systems, the loss of organic carbon in typical arable
soils will continue and eventually reach a lower level than present. The application
of improved agricultural techniques, e.g. organic farming, conservation tillage and
agroforestry, however, stops soil erosion (Bellamy et al. 2005) and converts carbon
losses into gains (Reganold et al. 1987) particularly due to the use of green and
animal manure, conserving crop rotations with intercropping and cover cropping
and composting techniques. Long-term field trials showed that organically man-
aged soils have significantly higher organic matter content (Foereid and Hggh-
Jensen 2004). Consequently, considerable amounts of CO, may be removed from
the atmosphere.

4.3.3.2 Nitrous Oxide

The global warming potential of conventional agriculture is strongly affected by the
use of synthetic nitrogen fertilizers and by high nitrogen concentrations in soils.
The primary reasons for enhanced N,O release from cultivated soils are increased
N inputs by mineral fertilizers, animal wastes and biological N fixation (IPCC
1997). A constant emission factor of 1.25% for the amount of N applied to agricul-
tural land is recommended for calculating global and national emissions from
fertilized soils (IPCC 1997). Global nitrogen fertilizer consumption produced by



88 R. Ghorbani et al.

fossil energy in 2005 was 90.86 million tonnes (International Trade Centre and
FiBL 2007), which required approximately 90 million tonnes of diesel equivalents
fossil fuel to produce or about 1% of global fossil energy consumption (Cormack
2000). Emissions of nitrous oxide are directly linked to the concentration of easily
available mineral nitrogen in soils. High emission rates are detected directly after
fertilization and are highly variable. For example, denitrification is additionally
enhanced in compacted soils. According to IPCC, 1.6% of nitrogen fertilizer
applied is emitted as nitrous oxide. In organic agriculture, the ban on the use of
mineral nitrogen and the reduced livestock units per hectare considerably reduce
the concentration of easily available mineral nitrogen in soils and thus N, O emis-
sions. Immediate application of manure and slurry from dairy, beef, pig and poultry
farms have also become an environmental problem because nutrients are often
available in excess and over-fertilization of forage and arable crops occurs during
its disposal. Emissions of carbon dioxide, nitrous oxide and methane are likely to
be very high and water pollution may also occur when manures are not properly
matured before application. Composting of farm manures and vegetable wastes
according to the organic standards and regulations can thus help to reduce the
global warming potential of food production.

4.3.3.3 Methane

Methane accounts for about 14% of the greenhouse gas emissions of which two
thirds are of anthropogenic origin and mainly from agriculture (Duxbury et al.
1993; Barker et al. 2007). Even in highly industrialized countries such as Germany,
the agricultural sector belongs to the most important national sources of CH, and
N,O emissions (Flessa et al. 2002). Biological CH, production in anaerobic envi-
ronments such as enteric fermentation in ruminant animals, animal waste process-
ing and flooded rice fields are the principal sources (IPCC 1997). In addition,
agricultural practices may also influence atmospheric concentration of CH, by
affecting its consumption in aerated soils. To a large extent CH, emissions are
directly proportional to livestock numbers. In Western Europe around 17% of CH,
emissions come from animal excrement. Organic animal husbandry methods com-
monly use straw for bedding and feeding, which becomes a component of manure,
but much less is used in intensive conventional systems where liquid manures or
slurries present great emission potential for methane and ammonia (Vetterli et al.
2003). Avoidance of CH, emissions of anthropogenic origin and especially of agri-
cultural origin is of particular importance for mitigation. Organic agriculture has a
potentially important impact on reduction of CH, emissions, as the overall popula-
tion of livestock on organic farms is relatively small and breeding animals are
replaced less frequently than in conventional systems (Kotschi and Miiller-Sdmann
2004; Olesen et al. 2006; Weiske et al. 2006). On the other hand, lower milk yields
of organic cows and a higher proportion of roughage in the diet might increase CH,
emissions per unit of yield.
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4.3.4 Soil Nutrient Balance

In conventional systems four frequently used elements, nitrogen, phosphorus, potas-
sium and calcium are often applied as synthetic fertilizers in relatively heavy con-
centrations that frequently exceed crop requirements. This can cause soil
imbalances in two ways: (1) by increasing or decreasing availability of some elements
essential for crop growth and also by changing soil pH, and (2) by increasing
productivity over the short term; but in decreasing productivity over the longer term
due to imbalances and deficiencies for some other essential elements that are not
replaced. For example, high levels of phosphorous fertilization can lead to a defi-
ciency of both zinc and iron causing adverse effects on plant growth. Organic
systems use organic fertilizers such as manures, compost, crop residues, legumes,
rock phosphate and rock potash, containing minor and trace elements as well as
moderate amounts of the primary elements.

In general, organic soils contain superior average and balanced levels of nutrients,
which have indirect, beneficial effects for pest, disease and weed management
(Lampkin 1999). For example, of the nine farms studied by Berry et al. (2003) seven
had a positive N budget, six had a positive P budget and three had a positive K budget
on the organic part of the farm compared to the conventional part. Derrick and
Dumaresq (1999) found that soil in an organic farm contained higher concentrations
of exchangeable potassium, calcium, sodium and lower concentrations of exchange-
able molybdenum. Joo et al. (2001) found that available phosphorus values were
986 and 935 mg/kg in organic and conventional farm soils, respectively. Average total
phosphorus values were 2,973 mg/kg in the organic fields and 1,830 mg/kg in the
conventional fields. Oehl et al. (2002) reported that after 21 years of organic manage-
ment an adequate level of available phosphorus was maintained. Wells et al. (2000)
also reported that after 32 years of vegetable cropping, available phosphorus
increased on the organically managed field. Fumigation extractable carbon and nitro-
gen, mineralizable N, arginine ammonification and substrate-induced respiration were
significantly higher in organic and low input than in conventional systems (Gunapala
and Scow 1998). However, the results of some studies contrast with these findings
(e.g. Derrick and Dumaresq 1999; Loes and Ogaard 1997; Haraldsen et al. 2000).

Organic farming encourages the reduction of agrochemicals and promotes soil
conservation principles (Saha et al. 2007). Those production systems are associated
with positively enhanced soil physical, chemical and biological characteristics (Brown
et al. 2000). Organically managed soils do not contain readily soluble nutrients except K,
and normally have slow-release properties. They are more fertile with higher total N,
total P, humic acid, exchangeable nutrient cations, water-holding capacity and micro-
bial biomass, than conventionally managed soil (Wells et al. 2000). When organic
fertilizers are incorporated into the soil, a greater reliance is placed on chemical and
biological processes to release nutrients in plant available forms in soil solution
(Stockdale et al. 2002); in other words, ‘feeding the soil not the plant’.

Conventional farming systems are often associated with nutrient leaching from
arable lands and ground water pollution (Hansen et al. 2000). Application of farm
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yard manures, legumes, compost and other organic fertilizers in organic farming
systems causes lower nutrient input and less nutrient leaching than conventionally
managed fields (Hansen et al. 2000; Kirchmann and Bergstrom 2001; Vetterli et al.
2003). Similarly, phosphate pollution in surface and ground water could be less in
organic agriculture due to the absence of any highly soluble phosphate fertilization
(Vetterli et al. 2003).

4.3.5 Soil Microbial Biomass

Field and laboratory experiments have demonstrated that soil microbial activity can
create soil conditions favourable to sustainable production (Andrade et al. 1998).
Bolton et al. (1985) found that microbial activity and microbial biomass were higher
under organic management systems. Soil microbial communities are strongly influ-
enced by agricultural practices. Many farming practices such as intensive tillage,
application of chemical pesticides and mineral fertilizers and monoculture are
directly or indirectly harmful to soil microbes. Microbial population density and
diversity are affected by the level of organic matter, which provides energy for soil
micro-organisms. Peacock et al. (2001) reported that soil management practices that
result in differential carbon inputs also affect the size and structural community of
soil biomass. One such practice is the use of organic amendments and cover crops,
which increase carbon availability to micro-organisms. Non-pathogenic and plant
growth stimulating micro-organisms in the rhizosphere increase plant root exuda-
tion. This will in turn improve root growth and thereby plant nutrient availability. It
has been shown to occur in the presence of free-living bacteria such as Azospirillium
spp. and Azotobacter spp. and in the presence of symbiotic organisms such as myc-
orrhizae (Lundegardh and Martensson 2003).

Dynamics of microbial communities during two growing seasons were signifi-
cantly negatively correlated with amounts of soil mineral N in the conventional
system, whereas they were positively correlated with mineral N in the organic system
(Gunapala and Scow 1998). Another study showed that total bacterial biomass was
highest in conventional field soils while the ratio of active to total bacterial biomass
was highest in organic field soils (Glenn and Ristaino 2002). After long-term
organic management, e.g. >40 years, microbial biomass C was higher than in con-
ventionally managed farm soils (Schjonning et al. 2002). Carbon released from
crop residues contributes to increasing soil microbial activity and so increases the
likelihood of competition effects in the soil.

4.3.6 Soil Structure, Compaction and Erosion

There are many examples of the ways in which soil characteristics function towards
ecosystem health and stability. Organic management strategies such as incorporating
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plant residues in soil maintain and improve soil structure of the soil in long term
compared with conventional agriculture (Bailey and Lazarovits 2003). Gerhardt
(1997) reported that an organic farm had a significantly ameliorated soil structure,
with an increased A-horizon depth, organic matter content, porosity, earthworm
abundance and activity and more developed aggregates than a conventional farm.
Pulleman et al. (2003) found that organic management increased total organic
matter content, earthworm activity, water-stable macro-aggregation and N mineraliza-
tion, which are important indicators of soil quality. Improving other soil characteristics
such as cation exchange capacity (CEC) in organically managed fields demon-
strates a clear on-site sustainability advantage over the conventional systems (Wells
et al. 2000). There are many reports that applying organic matter improves soil
structure. Moreover, Forge et al. (2003) reported that the use of organic materials
such as mulches can have profound effects on the structure of the soil food web,
which is relevant to turnover of the microbial biomass and macronutrients. In
organic agriculture application of green manures and catch crops are highly recom-
mended. Green manure catch crops promote the sustainability of agricultural sys-
tems by reducing soil erodibility and by nutrient uptake and transfer to the following
main crops. This effect efficiently reduces the risk of nitrate leaching. Biological
nitrogen fixation by legume catch crops is an additional benefit, mainly in organic
farming (Rinnofner et al. 2008). Depending on soil type and climate, farmers must
be very cautious not to destroy the soil structure by tillage, vehicular traffic or graz-
ing under wet conditions. Adverse soil structural conditions due to soil compaction
or poor drainage greatly increase the chances of serious infection with many plant
pathogens (Davies et al. 1997).

One of the costs that is rarely considered in evaluation of agricultural production
efficiency, but could be significant, is productivity losses due to the soil and nutrient
erosion in top soils, and loss of biodiversity, which are much higher in conventional
than organic systems (Jordahl and Karlen 1993). Brown et al. (2000) reported that
conventional farms showed the lowest values for aggregate stability and CEC while
organic farms had the highest mean humic acid content and available water and air
capacity. As the soil resource becomes degraded, the environment becomes less
favourable for crop growth but better for plant pest and disease incidences: there-
fore, over the long-term productivity and profitability will be decreased (Wells
et al. 2000).

4.3.7 Crop Protection

Many references suggest that an increase in weed, pest and disease pressure in
agroecosystems is due to changes in agricultural practices and cropping systems
especially rotation, fertilization and application of agrochemicals that contribute to
greater intensification (Altieri and Nicholls 2003). Conventional farming tends to
rely on synthetic chemicals and some genetically modified crop varieties for pest,
disease and weed control, but these are explicitly avoided in organic farming systems,
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which utilize crop rotation, natural enemies, resistant crop varieties and limited
biological intervention (Hani et al. 1998; Lampkin and Measures 1999). Combining
these approaches in integrated management strategies aims to: increase crop and
animal health and make conditions for pests, diseases and weeds less favourable;
enhance the activities of the natural enemies of pests, diseases and weeds including
other insects, fungal, bacterial and other living organisms as biological control
agents (Lampkin 1999; Speiser et al. 2006). Agronomic practices and the use of
organic fertilizers in which nutrient release is gradual, can reduce weed competition
and possible damages. A study demonstrated that it should be possible to reduce
weed competition by ensuring that the amount of nitrogen in soil before sowing is
around 100 kg/ha (Valantin-Morison and Meynard 2008).

Poor soil aeration caused by poor soil structure, soil type or water logging was
associated with the development of cavity spot (Pythium spp.) disease in carrot
(Hiltunen and White 2002). The pea root rot complex (Fusarium spp.) is known to
be affected by compaction, temperature and moisture of the soils. Chang (1994)
showed that an increase in soil bulk density due to compaction significantly
increased root rot incidence and disease severity, and drastically reduced the fresh
weight of pea plants due to the disease. Tillage practices that reduce soil compac-
tion, increase drainage and increase soil temperature have been shown to generally
reduce the severity and damage caused by root rot pathogens to many vegetables
such as beans (Abawi and Widmer 2000).

Soil microbial biomass may contribute to crop protection in general, and mycor-
rhizal organisms to the control of plant root pathogens in particular. Mycorrhizae
act in a number of ways such as: improving nutrient acquisition by host plant;
competitive exclusion of pathogens at infection sites and within the rhizosphere;
inducing anatomical and structural changes in the root thereby creating physical
barriers to pathogen entry; production of antagonistic substances against root
pathogens and activation of plant defence mechanisms (Sullivan 2001). Agricultural
practices can have major short- or long-term impacts on mycorrhizal fungi as well
as on other soil micro-organisms. In an experiment examining the effectiveness of
mycorrhizal spores from organically and conventionally managed soils in promoting
the growth of leek and white clover cultivars, it was shown that white clover only
benefited from mycorrhizal infection in a low-fertile organically managed soil.
Furthermore, in this study inocula from organic soils were more effective in both
achieving mycorrhizal infection and in allowing more efficient P uptake in both
crops (Scullion et al. 1998). Intensive farming practices probably reduce the benefits
of indigenous mycorrhizal fungi.

Biological control agents, especially plant-pathogenic fungi, offer possible alter-
natives to chemical pesticides (Ghorbani et al. 2005). By using biocontrol agents
instead of chemical pesticides as Speiser et al. (2006) suggested, organic farming
substitutes ‘agrochemicals’ such as pesticides or veterinary drugs with ‘organic
inputs’ such as biocontrol agents. However, crop protection is particularly critical
in the early stages of conversion from conventional to organic farming because
natural enemies and biocontrol agents are not fully available and need time to reach
equilibrium (Lampkin 1999). Biological control methods are accepted as practical,
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safe, environmentally beneficial management techniques applicable to agroecosys-
tems (Charudatan 2001). Mechanisms by which endophytes can act as biocontrol
agents include production of antibiotic agents (Lambert et al. 1987; Chen et al.
1993; Sturz et al. 1998, 2000), siderophore production (Kloepper et al. 1980), nutri-
ent competition (Kloepper et al. 1980), niche exclusion (Cook and Baker 1983) and
induction of systemic acquired host resistance (Chen et al. 1995).

Since early observations that biodiversity in agricultural systems tended to be asso-
ciated with less incidence of plant disease and high ecological stability, it has been
demonstrated by many scientists that a range of soil micro-organisms actively support
plant health (Dehne 1982; Fitter and Garbaye 1994; Azcon-Aguilar and Barea 1996).
Soil microbial biomass changes as a consequence of switching from conventional to
organic management (Shannon et al. 2002), and therefore plant pathogens in the com-
munity will be changed and the absence of synthetic pesticides improves biodiversity
and increases occurrence of beneficial organisms (Klingen et al. 2002).

Choice of crop in a rotation with plants less susceptible to specific pathogens
causes a decline in population due to natural mortality and the antagonistic activi-
ties of co-existent root zone micro-organisms (Fry 1982). Crop rotation may also
provide microbial benefits beyond those normally associated with pathogen host
range and saprophytic survival (Peters et al. 2003). Rotation is most successful in
limiting the impact of biotrophic pathogens that require living host tissues, or those
pathogens with low saprophytic survival capability (Bailey and Duczek 1996).
However, crop rotation is least successful in reducing diseases caused by pathogens
with a wide host range or those that produce long-lived survival structures such as
sclerotia or oospores (Umaerus et al. 1989). Legume plant age was also the param-
eter that most strongly influenced the quality of the legume residues, and conse-
quently its N and P release dynamics, with potentially significant consequences for
N and P uptake recovery and losses and, ultimately, cropping system sustainability
(Vanlauwe et al. 2008). Seed quality is also a major issue for crop establishment
especially in low-input farming systems, where varieties often grow under more
stressful conditions than in conventional farming systems. In the absence of organic
seeds from varieties bred specifically for organic systems, non-GMO crop geno-
types selected for high seed quality in a conventional system will also have high
seed quality when grown in a low-input, organic system (Yara et al. 2008).

There is growing interest in using organic amendments and compost extracts
not only to improve biological, chemical and physical soil conditions, but also to
provide direct and indirect control of crop pests and diseases in tropical, arid and
temperate climates (Abbasi et al. 2002; Litterick et al. 2004). Organic farmers rou-
tinely use organic fertilizers, composts and additions of rock minerals for these
purposes to help ensure acceptable yields of high-quality produce particularly in
intensive vegetable production systems (Zhang et al., 1998; Diver et al. 1999;
Montemurro et al. 2005; Barker and Bryson 2006; Toor et al. 2006). However, the
effects of applications of plant residues and compost to the soil or aqueous extracts
to soil and/or crop foliage are very much related to the degree of decomposition of
the plant material or compost feedstock (Ghorbani et al 2008b). Matured composts
are generally more suppressive although readily available carbon compounds found
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in low-quality, immature compost suppressed Pythium and Rhizoctonia (Nelson
etal. 1994). Beneficial organisms may be used to inoculate composts: for example,
strains of Trichoderma and Flavobacterium, added to suppress Rhizoctonia solani
in potatoes. Trichoderma harzianum acts against a broad range of soil-borne fungal
crop pathogens, including R. solani, by production of anti-fungal exudates (Sullivan
2001). Composts’ contribution to nitrogen fertility must also be taken into account
as nutrient status may influence the severity of pathogens. Phytophthora die-back
of Rhodododendron, Fusarium wilt of cyclamen and fire blight are examples of
diseases that increase in severity as a result of excessive nitrogen fertility intro-
duced into container media with composted biosolids (Ceuster and Hoitink 1999).
Direct changes in host susceptibility to infection in response to nitrogen supply
have also been postulated but are still controversial (Savary et al. 1995). It is known,
for example, that fertilization with large amounts of nitrogen increases the suscep-
tibility of pear to fire blight (Erwinia amylovora (Burrill) Winslow), and of wheat
to rust (Puccinia graminis Pers.) and powdery mildew (Erysiphe graminis DC. f. sp.
tritici Marchal) (Agrios 1997). Sheath blight (R. solani Kuhn) in rice fields
increases with increasing N level (Cu et al. 1996). Applications of urea increase the
severity of Rhizoctonia blight (Colbach et al. 1996). Growth and disease responses
to high levels of NH,-N have been documented with a range of plants and pathogens
(Sasseville and Mills 1979; Marti and Mills 1991). In contrast, reduced availability
of nitrogen may increase the susceptibility of tomato to Fusarium wilt, of many
solanaceous plants to Alternaria solani (Ell. & Mart.) Jones & Grout. early blight
and Pseudomonas solanacearum (Smith) Smith wilt; of sugar beets to Sclerotium
rolfsii, and of most seedlings to Pythium damping off (Agrios 1997). Similarly
ammonium fertilizer can decrease disease levels and infection cycles of take-all
(Gaeumannomyces graminis (Sacc) Arx & Olivier var. tritici Walker (Ggt) in wheat
(Colbach et al. 1996). Thus, there is a real need to determine the effect of soil nutrient
supply on disease development and biocontrol activities of biocontrol agents.
Application of organic matters and all treatments that increase the total micro-
bial activity in the soil and increasing competition for nutrients might enhance
general suppression of pathogens (Ghorbani et al 2008b), improve plant health and
induce disease resistance in many plants (Sullivan 2001). Application of poultry
manure showed lower disease incidence, as shown by 80% healthy tomato, com-
pared with the chemical fertilizers (Ghorbani et al 2008a). As the active microbial
biomass increases, the capacity to utilize carbon, nutrients and energy in the soil is
increased and thus these resources will be very limited for the soil-borne pathogens.
In this situation, substantial quantities of soil nutrients are tied up in soil microbial
bodies, so that there will be very high competition for nutrients. Organic fertilizers
and especially composts act as food sources and shelters for antagonists that com-
pete with plant pathogens; organisms that prey on and parasitize pathogens and
beneficial micro-organisms that produce antibiotics (Sullivan 2001). Anyway, as
Ceuster and Hoitink (1999) suggested, many aspects of organic amendments must
be controlled to obtain consistent results because of their variable nature. The com-
position of the organic matter from which the organic fertilizer is prepared, the
processing method, the stability or maturity of the finished product, the quantity of
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available plant nutrients provided and time of application all must be carefully
considered.

Organic farmers should know the C/N and N/P ratios in organic fertilizer before
application of N-P-K in order to formulate an overall pest or disease management
strategy. Most high C/N ratio composts (>70:1) immobilize nitrogen and plants
grown in such products suffer from chronic nitrogen deficiency resulting in lack of
growth and increased susceptibility to pathogens or insects (Ceuster and Hoitink
1999). High C/N ratio tree bark compost may suppress Fusarium wilts, but with
lower C/N ratio composts, they may become more severe as a result of the excess
nitrogen, which favours Fusarium (Hoitink et al. 1997). The moisture content
following the peak heating stage of compost is critical to the range of organisms
inhabiting the finished product. Compost with at least 40-50% moisture will be
colonized by both bacteria and fungi and will be suppressive for Pythium disease
(Hoitink et al. 1997).

Various alternative, non-chemosynthetic treatments have been developed for the
direct control and management of plant pathogens, particularly for use in organic
systems, but which are also applicable in conventional cropping. These include
aqueous extracts of plant material or compost, mineral preparations and also
specifically selected microbial populations applied to the soil and/or crop foliage,
usually at low dose rates. They may have direct anti-disease effects and/or induce plant
resistance or stimulate competitor micro-organisms or otherwise be antagonistic to
target plant pathogens (Ghorbani et al. 2006). The components of composts responsible
for induced activity may be biological or chemical in nature (Zhang et al. 1998)
and nutrient supply may be involved with regard to effects of organic manures on
plant pests.

4.4 Food Quality, Safety and Environmental Impacts

Food quality and safety in agricultural products is another important issue irrespec-
tive of the production system — organic or conventional. Food quality is the suit-
ability of the particular foodstuff for its intended purpose and characterized by
quantitative and qualitative characteristics that may differ between markets, e.g.
fresh and processed, consumers and regions and influence the prices received by
producers and paid by the customers. One aspect of food quality that is becoming
more important is the way that the food has been produced in relation to techniques
and inputs used, environmental impacts, energy demands and animal welfare stan-
dards. In this respect, consumers have choices, e.g. between food produced by
conventional, low-input or organic production systems. Food safety on the other
hand is defined as the assurance that food will not cause harm to the consumer
when it is prepared and/or consumed according to its intended use (Brandt 2007).
It is regulated by national and international legislations. There are ample examples
that the methods used for food production do make a difference to food composi-
tion or other aspects of its quality, and that these differences are large enough to
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make a real difference for the consumer in terms of health. Food production meth-
ods probably affect food quality to the extent that they have a significant impact on
health. There is now a good basis for designing studies that can elucidate which
production factors are important in this regard, and that the next step is to define
and test these factors (Brandt 2007). Hazards traditionally considered serious food
safety issues responsible for food poisonings and with no indication of benefits are
pathogens such as prions (BSE), allergens, mycotoxins, dioxins, GMOs, pesticide
residues, growth hormones, food additives: colourants, preservatives, flavours, pro-
cess aids, nitrite added to processed meat, salt, added sugar and saturated fat (Brandt
2008). The role of organic agriculture whether in farming, processing, distribution
or consumption is to sustain and enhance the process of food safety and health at
all stages and levels of the agroecosystem.

4.4.1 Food and Agrochemicals

The harmful short- and long-term effects of application of agrochemicals on human
health have been proven. Several pesticides have been shown to produce complex
chronic effects such as change in endocrine functions and immune systems (Woese
et al. 1997; Soil Association Organic Standards 2001). Increased uterine weights,
reduced pregnancy rates, decreased litter size, interference with development of the
reproductive tract or related sexual behaviour are symptoms that are coupled with endo-
crine disruption (Lundegardh and Martensson 2003). In addition to the short-term direct
effects of chemicals on the immune and the endocrine systems, application of several
types of agrochemicals during the growing season, typical of conventional systems, will
give accumulated and combined effects on living organisms in the ecosystems. Farmers
and farm workers are at greatest risk, in particular in countries with less efficient
enforcement of safety procedures. Prevention of serious exposure to pesticides repre-
sents an important step in avoiding chronic as well as acute disease (Reigart and Roberts
1999). Organic farming that avoids pesticide application helps to provide a ‘healthier’
agroecosystem by protecting non-target organisms against unintended exposure. In
addition to farmers and other human users of the farmed landscape, these include ben-
eficial insects, micro-organisms and insectivorous birds, mammals and reptiles.

4.4.2 Nutritional Quality

Approximately 40 micronutrients, minerals, fatty acids and vitamins cannot be
produced by the human body and must be supplied via foods. Substances in food
have recently been discovered that are not among those micronutrients but still
exhibit beneficial effect on health (Harborne et al. 1999) when ingested in optimal
amounts (Brandt et al. 2004). Many of these substances belong to the large group
of secondary metabolites that are produced within the plants (Luckner 1990).
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Evidence indicates that secondary plant metabolites play critical roles in human
health and may be nutritionally important (Brandt and Mglgaard 2001). Some sci-
entists believe that plant-based phenolic metabolites are very important due to their
antioxidant activity (Rein et al. 2000; Asami et al. 2003), while others have found
that other bioactive secondary metabolites, such as glucosinolates from broccoli,
are more likely to account for the health-promoting effects of vegetables and fruits
(Brandt et al. 2004). Secondary metabolites are common constituents of fruits and
vegetables that function in the defence against disease, insect and animal herbivory
(Stevenson et al. 1993). There is a growing concern that the levels of some second-
ary metabolites may be lower than optimal for human health in foods grown in
conventional agricultural practices (Brandt and Mglgaard 2001). This concern
arises because conventional agricultural practices utilize levels of plant nutrients
that can result in a reduction of the natural production of secondary metabolites in
the plant (Brandt and Mglgaard 2001; Ngrbak et al. 2003). Differences between the
content of secondary metabolites in organically and conventionally produced fruits
and vegetables is in line with the observation that organically grown plants are more
resistant to diseases and pests than corresponding conventional plants (Evers 1989;
Van-Bruggen 1995) and allows for the possibility that organically grown produce
may be more beneficial for human health than corresponding conventionally grown
produce (Brandt and Mglgaard 2001; Carbonaro et al. 2002; Asami et al. 2003).

In terms of levels of compounds indicated as positive for health, the composition
of plants that obtain much of their nutrients from slowly released sources such as
plant residues or compost, tend to differ from those provided large amounts of easily
available mineral fertilizers. These include higher levels of ascorbic acid (vitamin
C); lower levels of nitrate; lower levels of total N (often expressed as ‘protein’);
higher proportion of essential amino acids in protein; higher zinc (Zn) to phytate
ratios (on tropical soils); lower levels of B-carotene; and higher levels of dry matter
and plant secondary metabolites (Brandt and Kidmose 2002). Organic foods generally
have a lower content of nitrate than conventional foods (Woese et al. 1997; Soil
Association Organic Standards 2001). Several reports show higher levels of flavonoids
in organic vegetables than in conventional products (Ren et al. 2001; Carbonaro
et al. 2002; Asami et al. 2003; Grinder-Pedersen et al. 2003), and correspondingly
greater oxidation of proteins in humans, which may be related to the pro-oxidative
effect of these compounds and is probably a positive biomarker, even though it con-
tradicts the ‘traditional’ model for effects of phenolic antioxidants (Grinder-Pedersen
et al. 2003). Products from animals fed a large proportion of grass or other relevant
roughage have higher levels of B-carotene and other carotenoids, such as lutein;
higher proportions of conjugated linoleic acids in the fat; proportions of polyunsatu-
rated fatty acids in the fat; and higher levels of vitamin E, in particular the active,
natural isomer (e.g. Dhiman et al. 1999; Nielsen et al. 2004).

Cobalt is an essential element for animals but not for plants, found in vitamin
B12 and is utilized by micro-organisms. Vitamin B12, in common with a range of
other organic substances can be taken up passively by plants. Plants products can
therefore, contain considerable quantities of vitamin B12 although it is not essential
for normal plant development (Mozafar 1994; Lundegardh and Martensson 2003).
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Application of organic fertilizer in soil increases the supply of vitamin B12 in plants
and Mozafar (1994) found that barley and spinach fertilized with organic materials
had higher concentrations of vitamin B12, whereas sheep grazing cobalt-deficient
forage were deficient in vitamin B12 (Ulvund and Pestalozzi 1990). However,
human diets normally provide more than sufficient intake of B12, so deficiency is
normally caused by impaired absorption due to medical conditions such as gastric
atrophy (Cuskelly et al. 2007), which are common among the elderly. It is essential
that patients with vitamin B12 deficiency are identified and treated with injection
of the vitamin, since the condition cannot be alleviated through the diet, and B12
deficiency causes irreversible damage to the nervous system if not treated. The
symptoms of vitamin B12 deficiency can be masked if the diet contains large
amounts of folate, so folate fortification of foods can be a serious health risk for
older people (Cuskelly et al. 2007). However, organic foods are exempt from forti-
fication in countries where this takes place, providing an additional nutritional
benefit for a large group of consumers.

Therefore, the type of farming system has implications on nutritional quality and
safety of food and there is growing evidence that certain foods from organic pro-
duction may have a number of advantages for consumers over food from conven-
tional systems.

4.5 Conclusion

The challenge facing agriculture today is to increase the quantity and quality of food
produced, with limited impact on sustainability and the environment. Organic agri-
culture is a very small, but expanding sector and could have an increased global
significance in future by creating a sustainable agroecological system based on local
resources. It is the clear from the studies reviewed in this paper that organic crop and
soil management practices are generally beneficial for the environment, biodiversity
and food quality. Organic farming also has potential for reducing greenhouse gases;
however, additional research in energetic efficiency balance is necessary to deter-
mine the overall impact of organic agriculture and to compare it with other produc-
tion methods. In addition, since greenhouse gas emissions originate from both biotic
and abiotic processes, the complete emission inventory of a farm such as soils,
livestock, animal wastes, consumption of fossil fuels and production of fertilizers
have to be considered (Adger et al. 1997; Kramer et al. 1999).

Various cultural practices used in organic farming, such as applying organic
manures and composts, mixed cropping, green manure, long-rotation, tillage systems
and other strategies for enhancing soil quality all have effects on crop protection
and production, environment and food quality. Several studies have provided inter-
esting results to support the view that optimal long-term management of soil organic
matter can lead to improved soil conditions, maintain biodiversity and improve plant
resistance against pests and diseases. Several studies support the claim that con-
sumption of organically produced food may be beneficial to human health because
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of increased content of health-related compounds, especially trace elements, vitamins
and several secondary metabolites coupled with reductions of pesticides in the
farmed environment (Lampkin 1999; Lampkin and Measures 1999). Indeed, public
and governments’ concerns about agrochemical use and environmental degradation
are driving consumer demand for organic products, which should increase profit-
ability of organic farming.

With predictions of world shortages of fossil oil energy and energy use-
induced climate changes, organic farming should be considered as a measure to
mitigate these problems, but both organic and conventional producers will have
to modify their approaches, adopt new technology and varieties in order to face
the challenges. However, the type and extent of conversion from conventional to
low-input and organic production systems should be carefully evaluated and
matched with other environmental and socio-economic consequences of such
conversion. Analysing agricultural system efficiency is very complex. Account
needs to be taken of the costs of productivity losses due to erosion and declining
fertility; pesticide poisonings and associated chronic health problems, costs of
developing new pesticides, antibiotics and medicines due to chemical resistance
in plants, animals and micro-organisms; transportation of non-renewable fossil
inputs and fuel; farm subsidies and implications for taxpayers, externalized costs
for cleaning up air and water pollution from pesticides and mineral fertilizers and
reducing greenhouse gases, and many social welfare costs, as well as productiv-
ity, if the real differences between organic and convention farming systems are to
be determined. However, the major advantages of organic farming compared to
conventional agriculture, summarized as higher biodiversity, more diverse land-
scape, soil conservation and maintenance of soil fertility, less pesticide exposure
in the landscape, less utilization of non-renewable external inputs and energy, and
less water pollution, support the view that its further expansion could provide a
bigger part of the solution to global problems. The review of recent scientific
progress and achievements, highlighted in the present article, clearly demonstrate
that the type of production system has implications for environment, food quan-
tity, nutritional quality and safety.
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Chapter 5
Sustainability of Energy Crop Cultivation
in Central Europe

Volkhard Scholz, Monika Heiermann, and Peter Kaulfuss

Abstract Currently biomass contributes to 69 10° tons of oil equivalents (MtOE)
or 4% of the total energy consumption in Europe. According to the European Union
(EU) Biomass Action Plan biofuels shall contribute 150 MtOE to the total energy
consumption in 2010. This share shall increase to 20% or 220 MtOE in 2020.
Approximately half of it will be derived from arable land, i.e. 23 MtOE woody bio-
mass (short rotation coppice [SRC]) and 88 MtOE herbaceous biomass. This would
comprise 15% of the arable land and hence, the question arises whether this energy
resource can be exploited sustainably or not. It is assumed that using energy crops
as resource increases biodiversity and farmers sources of income. In this chapter
sustainability will be assessed in relation to energy balance, greenhouse gas (GHG)
reduction and emission of other air pollutants.

Energy crops from agriculture can be categorised into three types: oil plants, cel-
lulose providing plants and starch-and sugar-containing crops. The utilisation of
energy can also be distinguished into three categories: liquid, gaseous and solid
biofuels. Biomass yields range from 2 to 15 t organic dry matter (ODM) ha™! year!
depending mainly on the fraction appropriate for energy conversion, i.e. if only
grains can be used the lower values are applicable, whereas in the case of whole
crops 10 to 15 t ODM ha'y! can be harvested.

The assessment of the sustainability of the cultivation of energy crops includes
the input and recycling of nutrients, the application of pesticides, the water-use
efficiency, the consumption of fossil fuels and the balance of soil carbon. The aim
is to recycle the nutrients, which is simple in the case of anaerobic digestion by
applying the digestate to the field. If crops are combusted many of the minerals can
be returned via the ash. In the case of liquid biofuels, exported nutrients are lost and
have to be replaced. The application of pesticides, mainly herbicides, can often be
reduced in comparison to food production, but the energy yield per hectare might
be reduced if the share of weeds exceeds certain thresholds. Water use efficiency,
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fossil fuel input and soil carbon losses and gains do not differ, in general from food
crop cultivation. Although during cultivation, short rotation coppice sequesters
considerable amounts, 0.4—1.6 t C ha™' year™!, of soil carbon.

Fertiliser levels of nitrogen, potassium, sulphur and chlorine and to a lesser extent
phosphorous determine the contents of these elements in energy crops and hence the
risk of releasing these into the atmosphere or of damaging the energy conversion instal-
lations. 150 kg N fertiliser input increase nitrogen concentrations in energy crops by
absolute 0.1 to 0.3%. Potassium concentrations in energy crops are not only dependent
on fertiliser application but on species as well. Herbaceous plants show potassium
concentrations of > 0.7% whereas concentrations in woody species are <0.4%.

The uptake of heavy metals from soils is also determined by their contents in soil
and by plant species. If these crops are used for anaerobic digestion one has to con-
sider that there is a remarkable risk of an accumulation of heavy metals in soil. In the
case of combustion, most heavy metals can be removed by filtering the ash and it can
be used safely as fertiliser. Thus cultivation and combustion of short rotation coppice
is a smart scheme of removing heavy metals from contaminated soils.

Nitrous oxide emissions are generally induced by fertiliser application. Emission
strength varies with soil type, temperature and moisture and is substantially crop
specific. There is a considerable difference between woody species and cereals.
While the Intergovernmental Panel on Climate Change (IPCC) general N20O emis-
sion value is set to 1.25% of the nitrogen applied an average of 0.8 to 1.0% could
be found from sandy soils.

The energy yield is mainly dependent on the biomass yield and on the conver-
sion technology and hence on the fraction of crop used as energy source. Liquid
biofuels have the lowest energy yield with approximately 30 to 130 GJ per ha,
whereas the solid biofuels yield is 110 to 260 GJ per ha. Whole crops converted to
biogas deliver energy yields in between these values. However, the net energy yield
depends also on the input of energy for production and conversion of the crops. The
cumulated energy demand (CED) of cultivation and harvest varies mostly between
4 and 14 GJ ha-1 for oil plants, between 7 and 21GJ ha-1 for sugar/starch plants
and between 3 and 24 GJ ha-1 for lingo-cellulosic plants. The energy balance of
biofuels can be improved by the appropriate use of by-products.

Most important greenhouse gases are carbon dioxide, methane and nitrous
oxide, less important ones are fluorinated compounds, although their greenhouse
warming potential ranges in the thousands of CO, equivalents. GHG emissions cor-
respond, in general, with the energy balance of energy conversion paths, i.e. liquid
biofuels have the lowest GHG reduction potential in comparison to mineral fuels,
whereas solid fuels save most GHG emissions compared to fossil fuels. Greenhouse
gas reduction ranges from zero to 15 t ha-1y-1 CO, equivalents. So, the cultivation
of energy crops on 15% of total arable land would significantly contribute to the
EU CO, reduction target.

Sustainability of energy crops is, in general, dependent on the crop species and
the system boundaries considered. But the type of conversion and the use of by-
products have also considerable effect on its sustainability. Nevertheless, it can be
concluded that the utilisation of energy crops considerably increase sustainability
of energy provision in the EU.
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Abbreviations

BtL Biomass-to-Liquid

CED Cumulated energy demand
CF Conversion factor

DM Dry matter

DME Dimethyl ether

ETBE Ethyl tert-butyl ether
EU European Union
FAME Fatty acid methyl ester
GHG Greenhouse gas

GtL Gas-to-Liquid

GWP Global warming potential

ha Hectare

IPCC Intergovernmental Panel on Climate Change
L Lignocellulose

MeOH Methanol

MTBE Methyl tert-butyl ether

MtOE 10° t of oil equivalents

n Number of measurements

NHV Net heating value

NMHC Non-methane hydrocarbons

o Oil

ODM Organic dry matter

PCDD/F  Polychlorinated dibenzodioxines and dibenzofuranes
RME Rapeseed methyl ester

S Sugar/starch

SRC Short rotation coppice

SVO Straight vegetable oil
VOCs Volatile organic compounds

WUE Water-use efficiency

5.1 Introduction

In view of the finiteness of fossil energy products, accompanied by growing
environmental problems, it is necessary to establish new, sustainable and future-oriented
concepts for energy generation. The goal of sustainable development inevitably
involves the exploitation of renewable sources of energy. Therefore, the European
Union (EU) aims to double the proportion of renewable energy from 6% to 12% by
2010. Currently, around 4% (69 MtOE = 69 x 10° t of oil equivalents) of the EU’s total
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primary energy consumption is met from biomass. This makes biomass by far the most
important renewable energy source, providing two thirds of the total energy produced
from renewables (AEBIOM 2007). To fulfil its potential, the European Commission
published a Biomass Action Plan (EC 2005) with an aim to increase biomass use to 150
MtOE in 2010, and look at the longer term to achieve an ~20% share of renewables in
total energy consumption in 2020 (EP 2005). These goals are accompanied by
measures to improve the supply of, and increase the demand for, biomass, as well as
to overcome technical barriers, thus ensuring that existing targets will be met.

Biomass potentials are mainly determined by agricultural productivity and the
amount of land accessible for energy crop production. The total area under energy
crops in the EU was around 1.6 million hectares in 2004 (estimate for 2005: 2.5
million hectares), which represents nearly 3% of the total arable land. AEBIOM
(2007) estimated a total biomass supply of 220 MtOE for the year 2020, while 23
MtOE are covered by wood-based bioenergy (direct from forests) and 88 MtOE by
agriculture-based energy crops (by-products not considered). The Commission has
estimated that about 15% of the EU’s arable land (17.5 million hectares) would be
used to reach the targets for 2020.

Increasing the use of bioenergy offers significant opportunities for Europe to
reduce greenhouse gas (GHG) emissions and improve the security of its energy
supply. However, besides food and feed production, the significant increase in the
use of biomass from agriculture and forestry to provide energy carriers may put
considerable environmental pressure on farmland or forest biodiversity as well as
on soil and water resources. In general, energy crops should have characteristics
such as high yields, low production inputs and high energy values to make the
production of energy from biomass even more economically efficient and optimise
the environmental benefits. Thus, in the scope of multifunctional agriculture,
energy farming creates alternative sources of income besides food production and
strengthens added value and employment, in particular in rural areas. The purpose
of this review is to contribute to the debate on whether energy crops can be culti-
vated sustainably by providing a comprehensive picture of the status quo in energy
crop cultivation in Europe.

5.2 Energy Crops

Energy crops belong to biomass. In general, the term “biomass” is applied to
renewable energy sources, referring to organic materials that are viable as sources of
energy or may be converted to biofuels, which may be used as energy sources.
The majority of biomass resources fit into the broad categories of energy crops,
residues (by-products of existing crops) and waste products produced directly or
indirectly from the solar conversion process.

According to Bassam (1998) who provided a well-established definition,
“energy crops” are “‘those annual and perennial plant species that can be cultivated
to produce solid, liquid or gaseous energy feedstock. The organic residues and
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wastes from the most widely diverse types of plant production, also used for
producing energy, do not fall under this term but nevertheless represent a large
potential.” Silvicultural plants are mostly excluded too. Worldwide, approximately
300 plant species have been domesticated as crops for agriculture to supply food,
feed and fibres. Of these, more than 60 species play an important role as feedstock
for energy conversion processes (Fig. 5.1).

Energy crops can be divided into three principal groups: oil, cellulose and sugar/
starch plant species. The first group is used for the production of liquid biofuels.
Oil pressed or extracted from seeds (e.g. sunflower and rape) is mainly supplied as
straight vegetable oil (SVO), or as ester (biodiesel, RME and fatty acid methyl ester
[FAME]) for power generation, or as a fuel in the transport sector. The second
group is represented by ligno-cellulosic plant species, mostly used as whole plants
for biomass conversion processes (combustion, gasification and synthesis).
Ligno-cellulosic feedstock (annual and perennial crops) is processed into solid,
gaseous and liquid energy carriers for heat and/or power generation. The third
group presently cultivated on a large scale for ethanol production comprises sugar
and starch crops (e.g. cereals, maize, potato and sugar beet). The most frequent use
of ethanol in Europe is, however, for conversion into derivates such as Ethyl fert-
butyl ether (ETBE). Many crop species are multipurpose, i.e. they can be used to
produce more than one type of energy carrier, for example, cereals (ethanol and
solid biofuel). Hence, biomass (wet) rich in oil, sugar and starch is also suitable for

Fig. 5.1 Energy crop species on the experimental field of ATB Potsdam-Bornim (poplar, rye
and triticale)
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Fig. 5.2 The main crop-to-energy chains. BtL: Biomass-to-Liquid, GtL: Gas-to-Liquid, ETBE:
Ethyl tert-butyl ether, MTBE: Methyl fert-butyl ether, MeOH: Methanol, DME: Dimethyl ether.
Pyrolysis oil, HTU-Diesel (Hydro Thermal Upgrading), ethanol and hydrogen from ligno-cellulosic
species are not considered here because of their minor practical relevance in the near future

biogas production by anaerobic digestion. In Germany, biogas produced is most
frequently used for heat and power generation. However, upgraded compressed
biogas can be used as an engine fuel (Gas-to-Liquid [GtL]), which currently
represents a niche market (Fig. 5.2).

Aquatic species (e.g. algae) are not considered in this study, which relates strictly
to terrestrial energy crops that are classified as woody or herbaceous. Woody crops
are predominantly plantation trees, frequently grown in short rotation intervals of
1-20 years (short rotation coppice [SRC]). Cultivating practices in energy plantations
(e.g. willow and poplar) have only been established in a few countries (Scholz 2004).
In most cases production practices for herbaceous crops (annual and perennial)
resemble those of agricultural crops, although in both woody and herbaceous crop
production the end use of the biomass determines the management and cultivation
inputs, as well as practices employed to optimise the production system (Heiermann
et al. 2007). Actual and/or potential energy crops and forms of use are listed in
Table 5.1 according to their current distribution and temperature requirements.

5.3 Sustainability

Many different definitions of “sustainability” have evolved over the past decades
(Pretty 2007). Despite this ambiguity, Klauer (1999) for instance stated that
“common ground of all definitions of sustainability is the preservation of a system
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Table 5.1 Potential energy crops suitable for present and future European climate conditions, and
forms of use as well as simple climate and elevation rules according to Bassam (1998), IIASA
(2002), BioBase (2004), IENICA (2004) and Tuck et al. (2006)

Rainfall
Common Elevation(m)  Temperature(°C) (mm year™!)
name Botanical name Use Min Max Months Min Max Min Max
Oilseed rape Brassica napus (0] 0 800 04-07 6 40 400 1,500
Linseed Linum (6] 0 900 03-09 4 32 250 1,300
usitatissimum
Field mustard ~ Sinapis alba O 0 950 04-08 7 27 600 1,200
Hemp Canabis sativa O/L 0 950 04-09 5 28 600 1,500
Sunflower Helianthus annuus O 0 950 0409 15 39 350 1,500
Safflower Carthamus (6] 0 900 04-09 20 45 400 1,300
tinctorius
Castor Ricinus communis O 100 1,800 04-08 17 38 500 2,000
Olive Olea europaea (0] 0 2,000 03-11 -7 42 200 1,300
Groundnut Arachis hypogaea O 0 1,500 04-08 19 45 450 2,000
Barley Hordeum vulgare S/L 0 900 05-09 8 35 250 2,000
Wheat Triticum aestivum S/L 0 950 05-09 11 32 400 1,600
Oats Avena sativa S/L 0 1,000 04-08 6 25 400 1,200
Rye Secale cereale S/IL 0 950 05-09 11 32 400 1,600
Potato Solanum S 0 1,000 0409 5 25 500 1,500
tuberosum
Sugar beet Beta vulgaris S 0 1,000 0409 5 25 500 1,500
Jerus. Helianthus S 100 750 05-09 8 25 500 1,600
artichoke tuberosus
Sugarcane Saccharum S 0 1,200 03-09 16 41 1,000 -
officinarum
Cardoon Cynara L 0 500 11-08 -3 37 400 900
cardunulus
Sorghum Sorghum bicolor LIS 0 1,100 04-08 16 40 300 700
Kenaf Hibiscus L 0 600 02-11 -2 33 500 1,100
cannabinus
Prickly pear Opuntia L 0 1,500 12-02 6 - 350 1,500
fiscus-indica
Maize (whole) Zea mays L/S 0 950 05-09 9 40 450 1,500
Reed canary Phalaris L 0 1,100 04-10 1 38 600 2,000
arundinacea
Miscanthus Miscanthus spp. L 0 950 04-09 11 40 600 1,500
SRC Salix spp. L 0 1,100 04-10 1 38 600 2,000
Populus spp. 0 1,100 05-09 3 38 600 2,000
Eucalyptus Eucalyptus L/O 0 1,500 10-03 -6 36 400 2,500
Ssp. globulus
E. camaldulensis 0 1,500 04 7 36 400 2,500
E. grandis, E. 0 1,500 05-09 10 36 400 2,500
terticonis

O: Oil; S: Sugar/Starch; L: Lignocellulose.
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or certain characteristics of a system, e.g. the productive capacity of the social
system or the life-supporting ecological system. Therefore, something should
always be preserved for the well-being of future generations” [translated by the
authors]. In a narrower sense “sustainability” refers mainly to the environment in
the agricultural context. According to Tilmann et al. (2002), we define sustainable
agriculture as practices that meet current and future societal needs for food, fibre,
energy, ecosystem services, and healthy lives. This concept may be reached by
maximizing the net benefit to society when all costs and benefits of the practices
are considered. If society is to maximize the net benefits of agriculture, there must
be a fuller accounting of both the costs and the benefits of alternative agricultural
practices, and such an accounting must become the basis of policy, ethics and
action. In addition, the development of sustainable agriculture must accompany
advances in the sustainability of energy use, manufacturing, transportation and other
economic sectors that also have significant environmental impacts. In this context,
the assessment of the sustainability of the cultivation of energy crops includes the
input and recycling of nutrients, the application of pesticides, the water-use
efficiency (WUE), the utilisation of fossil fuels and the balance of soil carbon.

Developed environmental accounting and evaluation methods based on relevant
parameters indicating potential impacts on the environment make it possible to
describe and monitor processes, states and tendencies of the agricultural production
systems at various levels (Hiilsbergen 2003; Piorr 2003; Delbaere and Serradilla
2004; Zinck et al. 2004; Bergstrom et al. 2005; Meyer-Aurich 2005; Payraudeau
and van der Werf 2005; Bockstaller et al. 2007).

On an international level, the norm DIN EN ISO 14040-14043 for
life-cycle-assessment was established as a methodological guide and revised in
2006 (ISO/EN/DIN 14040 2006 and ISO/EN/DIN 14044 2006-2010). Policy decision
makers need these tools to be able to provide appropriate agro-environmental
policy measures (Pacini et al. 2000). However, assessing environmental impacts is
not always straightforward because of widely varying parameters and complex
system interactions. Table 5.2 presents an overview of relevant parameters indicating
potential impacts on the environment caused by energy crop cultivation.
Owing to the variety and complexity of environmental issues, the criteria should
be applied to the major sustainability problems and opportunities currently
encountered in the production of biomass or those anticipated for the future
(Cramer et al. 2006; Lal 2008).

5.4 Biomass Yield

The yield is one of the most important ecological parameters, since all impacts on
the environment have been related to it in order to characterise the energetic and
“ecological” efficiency of an energy crop species (Scholz et al. 2006). The yields
of the main products of conventional species such as cereals, oil and tuber crops are
well known, whereas the yields of the whole plants are mostly not available in
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Table 5.2 Relevant parameters indicating potential impacts on the environment caused by energy

crop cultivation

Impact on environment

Parameter

Exhaustion of energy resources
Exhaustion of other limited resources

Anthropogenic greenhouse effect
Acidification

Eutrophication

Photosmog

Stratospheric degradation of ozone
Human and ecological toxicity

Soil compaction

Soil erosion

Change in soil quality
Change in water quality

Nutrient leaching to groundwater and

surface water
Change in biodiversity

Change in land use

Noise and odour
Fire risk

Consumption of crude oil, natural gas, coal,
uranium etc.

Consumption of fertilisers, water (transpiration
coefficient) etc.

CO, equivalents (CO,, CH,, N,O, VOCs, etc.)

SO, equivalents (NO , NH,, HCI, HF, H,S, etc.)

PO, equivalents (NO_, NH,, NH,*, PO,** NO,”

C,H, equivalents or NO, corrected equivalent. (CH,,
NMHC, NO,, ...)

N,0

Diverse selected individual substances, e.g. pesticides,
heavy metals and particulates (PM10 equivalent)

Soil morphology and structure

Loss of topsoil

Organic matter content; carbon content

Critical values for drinking water (e.g. nitrate,
pesticides)

Volume and choice of fertilisers; rate, timing, methods
of application; runoff or leaching potential

Measures of impacts on flora and fauna, e.g.
compatibility with native biomass, alteration of
production and growth period and geographic
distribution of populations and alterations in
reproduction cycles of species

Landscape diversity (e.g. crop diversity, farmland
diversity)

Location of site (e.g. proximity to ecologically
important areas)

Scale of plantation (e.g. acreage)

Diverse measures

Temperature, rainfall, wind, moisture, drought etc.

agricultural statistics and have to be calculated by means of the grain—straw or similar
ratios. This may result in some errors because these ratios depend on various
influencing factors and range over a wide span. Nevertheless, the method will do
for a viable yield calculation (Table 5.3).

The yields of non-conventional crops such as Miscanthus sinensis, poplar
and willow are little known. With the exception of willows in Sweden, these
“new” energy crop species are mostly cultivated on small plots and are often at the
research stage. Consequently, these yield data have to be examined critically.
The published yields of M. sinensis, for instance, range between 8 and 22 t | ha™!
year™' and were mainly measured under special conditions (Frithwirth et al. 20006;
Scholz et al. 2007; Stolzenburg 2008). The denoted average yields of poplar and
willow are a result of an expert census in Germany (KTBL 2006).
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Table 5.3 Mean biomass yield, moisture content and heating value of appropriated energy crop
species in Germany according to Schmitz (2003), BMELV (2006), KTBL (2006), Frithwirth et al.
(2006), Rosillo-Calle et al. (2007), BMELV (2007a) and own data

Product Yield Moisture*  NHV®
Use Species - (tpy ha' y™) (%) MJ kg, ™)
Oil use Rape Seeds 3.0¢ 12 26.5
Sunflower Seeds 22 12 -
Sugar/Starch use Wheat Grain 6. 4° 14 17.0
Winter rye Grain 4.6° 14 17.1
Winter triticale ~ Grain 4.9¢ 14 16.9
Maize Grain 7.6¢ 14 17.0
Potato Tuber 8.9¢ 78 14.3
Sugar beet Tuber 13.5 77 -
Ligno-cellulose Wheat Whole crop  14.0 16 or 65 17.1
use Winter rye Whole crop 9.8 16 or 65 17.7
Winter triticale ~ Whole crop  10.5 16 or 65 17.0
Maize Whole crop  17.5 65 17.9
Perennial rye Whole crop 8.5 16 or 65 17.7
Grass Whole crop 9.0 16 or 65 16.5
Miscanthus Whole crop  15.0¢ 16 or 65 17.6
Poplar Whole crop  10.0¢ 54 18.4
Willow Whole crop ~ 7.0¢ 50 18.3

“Mean moisture content of harvested products, in the case of whole haulm-type crops in the form
of dry bales or chips (16%) or in the form of silage (65%)

®Net heating value (NHV) of absolutely dry material

‘Mean long-term yield (2000-2005)

No statistically safe data

However, the statistical distribution of the poplar yield is very wide and
ranges between <1.0 and >25 | ha™ year™ in Europe (Fig. 5.3). Nevertheless,
the distribution of the poplar yields shows that some of these “new” energy
crop species may have great potential if the right varieties are chosen for the
right sites.

5.5 Need for Savings in Environmentally Relevant Resources

5.5.1 Fertilisers

Fertilisers are an essential prerequisite for obtaining acceptable biomass yields.
The average contribution of fertilisers to yields ranges from 40% to 60% and tends
to be higher in the tropics (Stewart et al. 2005). However, most fertilisers are
produced on base of exhaustible raw materials and/or are sources of environmental
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NPopulus trichocarpa (n = 146; median = 11.2 t ha'ly-!
HP. max. x P. trichocarpa (n = 62; median = 10.2 t haly-!
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Fig. 5.3 Statistical distribution of measured poplar yields in Germany divided into subspecies.
Result of a survey of a total of n = 357 yield data of various poplar stands of 2—18 years on 25
different sites in Germany. The high frequency of the lower yields is caused by the high share of
young stands, as the yield of poplar grows up to an age of 5-10 years

pollution. Fertilisers cause not only eutrophication and an increase of environ-
mentally harmful substances in biofuels but also emissions during their production
as well as during the crop production. Thus, the demand for fertiliser is an evident
indicator of the environmental sustainability of the crop production.

Of the relevant nutrient fertilisers (N, PO, K O, Ca, Mg, S), nitrogen (N),
phosphate (P,0,) and potassium oxide (K,O) have the highest efficiencies, i.e.
33%, 20% and 60%, respectively (Engelstad 1968; Raun and Johnson 1999).
However, these nutrients cause various environmental problems (Scholz and
Ellerbrock 2002). Nitrogen is the most problematic nutrient. Its production requires
a great deal of energy (Patyk and Reinhardt 1997) and its utilisation results in
relevant emissions into air and water (Kaltschmitt and Reinhardt 1997). Phosphate
is a globally limited raw material (Pradt 2003), and potassium is often used in the
form of potassium chloride (KCl), which contains harmful chlorine (Cl). Therefore,
minimising the application of these fertilisers improves the environmental compati-
bility of biofuel production.

For conventional food crops there are several fertilising rate recommenda-
tions, based on soil type, intended yield and nutrient content in the harvested
crops. The recommended mean application rates in Germany for N range in



120 V. Scholz et al.

Relative dry matter yield (%) | Poplar and Willow: 75 kg Niha
120 /‘
7
100 Rye and
== Triticale:
80 - 75 kg Niha

Rye and
Triticale:
no N

_.,/////////////////////////'/////////////////
=S iiZzZ7

| Poplar and Willow: no N |

20

T T T T T T

0 2 4 6 8 10 12 14 16
Years

Fig. 5.4 Long-term impact of reduced nitrogen fertilisation on the yield of whole crop cereals
and SRCs on a sandy soil in Germany (relative yield related to the yield of an application rate
of 150 kg N ha™"). The reduction of the N application rate by 50% results in a mean relative yield
loss of ~10% after 15 years for rye and triticale. Non-fertilisation cause significantly higher losses.
By contrast, the relative yields of poplar and willow on reduced and even non-fertilised stands do
not decrease, but instead increase, although the absolute yields grow over time. One of the reasons
for this phenomenon seems to be mycorrhica

general from 100 to 200 kg ha™' year™, for P,O, from 50 to 110 kg ha™' year™,
and for K,O from 90 to 380 kg ha™' year' (KTBL 2005a). For energy crop spe-
cies these recommendations are only partially correct, because (e.g. in the case
of whole crop cereals) not only the grain (with a high N demand) but the whole
plant is also used, because the energy efficiency of the cultivation may be
higher with lower fertilising rates, and because some unconventional species
such as SRCs need less or even no fertiliser (Fig. 5.4). Thus, the efficient use
of fertilisers in energy crop production is an ongoing object of agricultural
research.

Crop residues remaining on the field (straw, leaves and roots) as well as the
recycling and refeeding of the residues and wastes of the crop products used for
energy purposes such as ash and digested sludge contribute to minimising the
demand for mineral fertiliser. Although the combustion and thermal gasification of
biomass results in a major loss of nitrogen N (96%, ..., 100%) and sulphur S (70%,
.oty 92%), the loss of P and K is lower and ranges between 30% and 100%
(Hartmann and Strehler 1995; Heard et al. 2006). However, there are differences
between the ash fractions (grate, fine and filter ash) concerning this matter.
The grate ash used in practice is only 80-90% of the total ash content (percentage
by weight) for cereals or grass and 60-90% for wood (Obernberger 1997), so
that the actual nutrient recycling rate of solid biofuels is lower. Moreover, it must
be considered that it is not the total percentages of these ash nutrients that are
available to plants (Table 5.4).
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Table 5.4 Selected nutrients in plant residues after combustion or digestion

Content of nutrients in residue® (% DM)

Percent by
Residue Crop species ~ weight* (%DM) N PO K,0
Grateash Cereals® 40+1.5 0,...,2 7, ..., 10 5, ...,18
Grass 7.0+25 0,...,2 04,...,1 11, ...,29
Wood 1.5+£1.0 0,...,2 L..5 4,...,12
Digested sludge  Grain 25+5 54 3.1 2.5
Cereals® 24 +5 32 2.0 5.0
Grass 38+5 39,..,47 16,...,26 72,..,105
Maize 305 21,..,31 14,...,18 39,...,72
Beets 25+5 2.8 1.2 34

*Ash content according to Obernberger (1997) and FNR (2005). Percentage of sludge, stoichio-
metrically calculated by Méhnert (2007) with moisture contents as shown in Table 5.3, a methane
percentage of 55% and the biogas yields of Table 5.11

®According to Ruckenbauer et al. (1992), Vetter et al. (1995), Hasler and Nussbaumer (1996),
Hartmann and Strehler (1995), Obernberger (1997), Frief3 et al. (1998), KTBL (2005a,b), Holzner
(2006), Heard et al. (2006) and Reinhold and Zorn (2007), converted by the mass equations
P,O,=2.29 P and K,0 =120 K

¢Whole crops

During anaerobic digestion of energy crops in biogas reactors, the loss of N, P,
K, S and other nutrient elements is theoretically zero, because only C, O and H in
the form of methane (CH,) and carbon dioxide (CO,) are released. Trace gases, e.g.
hydrosulphide (H,S) and ammonia (NH,), are insignificant in this connection and/
or can be limited by technical means (Amon et al. 2002; FNR 2004). Although a
calculation by means of the denoted weight percentages and nutrient contents
results in other figures, there are some practical results which confirm the zero-loss
hypothesis (Herrmann and Taube 2006). A special advantage of biogas residues
(digested output) is the high share of the vegetable valuable nitrogen constituents
(NH,-N) and the high plant availability. Nearly 65% of the total N of maize sludge is
NH,-N, and 75% of this is available for plants (Wendland and Offenberger 2007).

The plant availability of some nutrients may be limited in both types of residues.
Moreover, in certain cases the contents of some heavy metals (Cd, Pb, Cu, Zn, Ni, Cr
and Hg) may exceed the legal thresholds (BioAbfV 2002). Nevertheless, the use of
energy crop residues as fertiliser significantly reduces the need for mineral fertiliser.

5.5.2 Pesticides

Mainly comprised of plant protection products and biocidal products, pesticides are
designed to influence fundamental processes in living organisms. They may have the
potential to kill or control harmful organisms such as pests, but can also cause unwanted
adverse effects on non-target organisms, human health and the environment (EC 2007).
Both the hazards and benefits of pesticides are well documented in published literature
and have been reviewed most recently by Cooper and Dobson (2007).
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Focussing on pesticide life cycles, there is so far only little information available
regarding, e.g. the temporary storage of pesticides at farm level, the management and
calibration of application equipment, the protection of operators, the preparation of
the spraying solution and the actual application (EC 2007). In order to find a
connection between crop and pesticide inputs, a survey based on randomly selected
farmers in different agricultural soil—climate regions was conducted in Germany. For
the main field crops, detailed information on the real use of chemical plant protection
agents in agricultural practice was collected and evaluated (Table 5.5).

Although the results presented only reflect agricultural practices of a single year,
findings confirm that herbicides are the most widely used type of pesticide, as
weeds are the major constraint that limit yield in many crops in conventional crop
cultivation systems. According to CropLife (2004), herbicides represent around
50% of all crop protection chemicals used throughout the world, compared with
insecticides and fungicides that each account for around 17%.

In view of the major influence of weeds on yield in conventional cultivation
systems, Karpenstein-Machan (2000) investigated the effect of low-input energy
crop rotations in cereals (rye, triticale and barley). Considering thermal conversion,
grain yield and total biomass yield (crop and weeds) in non-pesticide variants were
compared with conventional pesticide programmes. Total biomass yields increased
no more than 5%, whereas grain yields showed approximately 16% higher values,
rye being clearly the most competitive crop after herbicide application. Consequently,
in arable energy crop systems, it is possible to reduce herbicide application, as
weeds contribute to biomass as well.

These results may be transferable for SRC such as poplar and willow, but
practical experience is still lacking. However, in short rotation plantations weed
control is only indicated as an important factor during the establishment phase
(Scholz et al. 2007; Walle et al. 2007).

Table 5.5 Application index of different pesticide groups and growth regulators used in Germany,
calculated within the project Neptun 2000 (Rofberg et al. 2002)

Total chemical Pesticides
Number plant protection - Growth
Plant species  of farms measures Fungicides Herbicides Insecticides regulators
Rape 644 341 0.68 1.18 1.44 0.12
Winter wheat 790 3.74 1.39 1.37 0.36 0.62
Winter rye 332 2.61 0.90 0.85 0.14 0.72
Triticale 319 2.26 0.46 0.96 0.09 0.74
Maize 489 1.24 0.00 1.22 0.03 0.00
Potato 130 8.56 6.08 1.55 0.94 0.00
Sugar beet 382 2.93 0.15 2.59 0.19 0.00

Application index: number of pesticides applied, related to the authorised application rate and the
crop-specific cultivation area. For calculating the application index, each application of a pesticide is
considered as a single application, irrespective of whether or not it is applied within a tank mixture.
The data collection is related to the vegetation period 1999/2000, containing all chemical plant
protection measures including seed protection and growth regulator applications. The data
set is based on voluntary cooperation of randomly selected farmers in the various agricultural
soil-climate regions of Germany.
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Up to now no negative effect of weeds has been observable as long as harvested
biomass was regarded as feedstock for the thermal conversion process. Focusing on
anaerobic digestion, first results reveal that biomass consisting of higher amounts
of weeds leads to a reduction in methane yield (Heiermann et al. 2001, Hermann
et al. 2007). For example, the methane yield of total biomass (crop and weeds)
was reduced by up to 20% in comparison with pure crop (sorghum). Thus, to
exploit the full methane formation potential, special attention must be paid to the
impact of weeds in biogas crop cultivation.

5.5.3 Water

In recent years water availability has become an issue of global concern due to
natural variability in water availability (rainfall) and changes in Europe’s climate
which indicate severe stresses on water resources. On average, 42% of the total
water abstraction in Europe is used for agriculture. In south-western European
countries, agriculture accounts for 50-70% of the total water abstraction (Freshwater
Europe 2007). The role of irrigation differs between countries and regions due to
climate conditions. While in Southern Europe irrigation is essential to secure
agricultural production, in Central and Northern Europe irrigation is usually applied
to maintain crop production in dry summers. Focusing on crop-specific irrigation,
EEA (2005) reported that in Spain, Greece and France, grain maize is the most
frequently irrigated crop, whereby in France 40% of the irrigated area is used for
grain maize cultivation. Also a significant acreage of wheat, sunflowers and potatoes
is irrigated in the southern parts of Europe (EEA 2007). Up to now, no data are
available with respect to irrigated crops for bioenergy production. However,
expansion in energy cropping associated with increasing water consumption will
clearly stress water resources (Berndes 2002).

Under European conditions water requirements are typically in the range of
200-800 g water per gram dry matter (DM) produced (Table 5.6). Determined by
genetic characteristics, water consumption of C, crops is less than that of C, crops,
although a wide variation exists between the plant species due to certain photo-
synthetic mechanisms.

To assess the response of crops to irrigation, the reciprocal of the transpiration
coefficient, the WUE, is applied indicating total biomass produced (above-ground
DM) per unit mass of water taken up by the crop during the whole growth cycle
(Manoliadis 2001; Nova et al. 2007). For conventionally cultivated crops, WUE
values of harvested whole crops range between 1 and 9 g kg™ evapotranspiration
water, increasing in the following order: oil crops (rape, sunflower), sugar/starch
crops (wheat, rye as C, cereals) and potato, sugar beet, maize (C,) and ligno-cellulosic
crops such as M. sinensis (C,) (EEA 2007). The WUE values for whole crop cereals
are higher because usually the index is related to grain yield, which is approximately
40% of the whole plant biomass.
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Table 5.6 Transpiration coefficients for energy crops under European conditions according to
Geisler (1988), Schweiger and Oster (1991), Larcher (1994), Jacks-Sterrenberg (1995) and
Hartmann (2001)

Crop species Crop type Transpiration coefficient (g H,0 g, ,™")
Rape C, 600, ..., 700
Sunflower? C3 500, ..., 600
Wheat C, 250, ..., 550
Rye C, 400, ..., 500
Maize C, 300, ..., 400
Potato C, 400, ..., 500
Sugar beet C, 350, ..., 450
Sorghum C4 200, ..., 300
Miscanthus C, 250, ..., 350
SRC (poplar, willow) C3 600, ..., 800

aUp to the flowering stage

Owing to increasing water demand and a decline in water availability, irrigation
of energy crops is a very critical resource issue. In Germany, the first research
project has started to evaluate the efficiency of irrigation with special emphasis on
suitability of selected energy crop species for local conditions.

5.5.4 Fossil Energy Sources

The consumption of energy is the main source of the GHG emissions. More than
60% of the global GHG emissions are caused by energy and 32% by agriculture
and forestry (without energy) (EPA 2006). Since at present only 6% of the total
primary energy consumption in Europe bases on renewable energy (BMU 2007),
nearly all energy used in agriculture comes from fossil sources and has to be
considered in the GHG balance.

There are several calculations and energy balances for biofuels in literature
(Table 5.7). Most of them calculate the cumulated energy demand (CED), which
takes all direct and indirect primary energy inputs into account (VDI 4600 1998),
including final energy sources as well as the energy consumption for the production
of agricultural machinery and fertilisers, for example. All processes from soil
preparation to the harvest, which are part of the cultivation cycle of a crop, are
integrated into this calculation.

The wide span of these values is caused not only by the various production
technologies but also by the various methods and key figures of calculation. In some
cases the published values of energy demand for the production of an energy crop
vary across a span of +25%, even if the agricultural technologies were arithmetically
harmonised (Scholz and Hahn 1998).

Summarising the literature data it can be stated that most energy consumption
in crop production is used on the field in the form of fertiliser and diesel. Only
those energy-intensive processes such as drying or pelletising of haulm-type
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Table 5.7 CED for the production of energy crops in Central Europe according to Reinhardt
(1993), Kaltschmitt and Reinhardt (1997), Scholz et al. (1998), Scholz and Hahn (1998), Schmitz
(2003) and BMELV (2007b)

Energy (GJ ha! y™)

Species and utilised part of crop Years Cultivation Harvest Total*
Oil use Rape Seed 1 3,..,9(19) 25 4, ...,14 (22)
Sugar/Starch Wheat Grain 1 6...1221) - 14 (27)
use Winter rye  Grain 1 5...159 32 7...19
Potato Tuber 1 19 - -
Sugar beet  Tuber 1 7,...,1230) - 10, ..., 21 (55)
Ligno-cellulose Wheat Whole crop 1 13,...,19.3 1.2,...,34 15,...,23
use Winter rye  Whole crop 1 12,...,159 32,...,62 14,...,22
Winter Whole crop 1 12 - 14
triticale
Maize Whole crop 1 - - 10
Grass Whole crop <5 11, ..., 141 - 13,...,24
Miscanthus  Whole crop 220 4.0, ..., 8.3 16,...,69 12,...,32
Poplar Whole crop >20 0.5, ...,2.8 1.1, ...,6.7 3,...,8

Willow Whole crop >20 0.5, ..., 2.0 04,..,67 3,...,7

“Including various post-harvest processes and transport
Extreme figures are in brackets

crops may relevantly increase this part. Most of the crops need approximately
10-20 GJ ha ! year™' for cultivation, harvest and post-harvest processes, including
transport of the storable crop product to the user. However, some oil and starch
crop species, of which only seeds or grain are used, as well as SRCs have a lower
energy demand.

5.5.5 Soil Carbon

The sequestration of carbon in soil has a considerable influence on the GHG balance
of biofuels. Although the GHG balance of the production and utilisation of energy
crops is approximately zero, except for some additional CO, equivalents mainly
caused by the N fertilisation and the consumption of fossil energy (see Chapters 7
through 9), the storage or the release of carbon in soil may disturb this balance.

However, there are differences between the various soil and climate types, the ways
of utilisation and the crop species (Freibauer et al. 2004; Smith 2008). Depending
on the species, the cultivation of annual crops causes a loss of 280-1,300 kg C ha™!
year~!, while grasslands and other conventional perennial crops do not cause a loss
but a growth by 600-800 kg ha™' year™!, and SRCs by even 400-1,600 kg ha™! year™!
because these fields are not tilled (Table 5.8).

In spite of the wide range of these data and the fact that the values for poplars
and willows are based on only four trials, it can be stated that in contrast to
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Table 5.8 Increase or decrease in the content of organic carbon in the soil
depending on the crop species according to Hansen (1993), Matthews and
Grogan (2001), Scheffer and Schachtschabel (2002), KTBL (2005a), Kahle
and Boelcke (2004) and Stréhle (2007)

Crop species C (kgha'y™) CO, (tha™y™)
Oil crops -280, ..., =400 -1.0,...,-1.5
Potato =760, ..., —1,000 -2.8,...,-3.7
Beets =760, ..., —1,300 -2.8, ..., 438
Cereals =280, ..., =400 -1.0,...,-1.5
Grass +600, ..., +800 +2.2, ..., 429
Poplar +880, ..., +1,600 +3.2,...,+59
Willow +410, ..., +1,300 +1.5, ..., +4.8

annual crops, the perennial crops effect sequestration of carbon in the soil.
So the cultivation of grass and SRCs saves about 1.5-5.9 t CO, ha™' year
(1 kg C — 3.67 kg CO,), which is not negligible in the GHG balance of biofuels.
Furthermore, in the case of SRC, the roots of the trees save an additional quantity
of carbon (Hellebrand and Munack 1995), which is not considered in these
ranges. However, up to now there are no reliable figures for C sequestration by
poplar and willow roots.

The assessment of the sustainability of the cultivation of energy crops includes
the input and recycling of nutrients, the application of pesticides, the WUE,
the utilisation of fossil fuels and the balance of soil carbon. The aim is to recycle the
nutrients, which is simple in the case of anaerobic digestion by applying the digestate
to the field. If crops are combusted many of the minerals can be returned via the
ash. In the case of liquid biofuels, exported nutrients are lost and have to be
replaced. The application of pesticides, mainly herbicides, can often be reduced in
comparison to food production, but the energy yield per hectare might be reduced
if the share of weeds exceeds certain thresholds. WUE, fossil fuel input and soil
carbon losses and gains do not differ, in general from food crop cultivation.
Although during cultivation, SRC sequesters considerable amounts, 0.4—1.6 t C ha™
year™!, of soil carbon.

5.6 Content and Transfer of Environmentally
Relevant Substances

5.6.1 Nutrients

Plant nutrients are interesting not only in connection with the yields and the
fertilisation, but also with regard to environmental effects of energy conversion
processes. Thus, they are regulated in various standards. Nitrogen (N), phosphorous
(P) and potassium (K), as well as sulphur (S) and chlorine (CI) are the most important
environmentally relevant macronutrient and micronutrient elements.
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The nitrogen content of the various crop species and their parts exhibits a wide
range of variation from ~0.2— 4% (Table 5.9). It depends not only on the species and
on the harvest time, but also on the fertilisation rate. This is known for conventional
crops (Mollers 2000) and was confirmed for energy crops too (Scholz et al. 1999,
2004a). Depending on the species, the application of e.g. 150 kg N ha™! causes an
average absolute increase in the N content by 0.1-0.3%.

High N contents are not wanted in any type of biofuel, since they cause harmful
emissions in boilers, gasifiers or engines, in particular emissions of nitrogen oxide
(NO). If the connection between the N content in a fuel and the formation of NO_
during combustion is taken into account (Nussbaumer 1997; Obernberger 1997,
Hartmann and Schmid 2001), the application of 150 kg N ha™! causes an average
increase of up to 100 mg m~ of NO_ emissions related to non-fertilised crops.
This increase is not insignificant given a legal limit of 250-400 mg m~ (Scholz and
Ellerbrock 2002). Furthermore, the N fertiliser is responsible for forming the GHG
nitrous oxide (N,0).

The content of phosphorus (P) in crops lies in the range of 0.02-0.87%. Oil
seeds have the highest values with >0.6%, while SRC as well as potato and sugar
beet have the lowest levels. In fuels made from vegetable oil, phosphorous is
limited to <15 mg kg=' (DIN 51506 2005), because it damages the engines.
However, it does not exert any negative effects on the emissions during combustion,
with the exception of phosphine (PH,), which can be neglected in this context.
Phosphorous increases the melting temperature of the ash, which may facilitate
combustion. Nevertheless, this element contributes to eutrophication of water.
Insofar, a lower P demand by the plants, which necessarily requires less fertiliser,
is ecologically advantageous.

Like N, potassium (K) also shows a correlation between the contents in the crops
and in the soil (Scholz et al. 2004a). Its content varies between 0.1% and 4.1%
depending on the species and the part of the crop. All haulm-type crops have high
mean contents >0.7%, while woody crops have <0.4%. During combustion, high
potassium contents in the plants cause corrosion on overheated surfaces and lower
ash melting temperatures (slag formation). Therefore, they are undesirable in crops
intended for combustion and gasification.

The S content of the plants is also dependent upon the fertilisation and the atmo-
spheric deposition, so the literature values show a wide span between 200 and 4,800
mg kg'. Oil seeds have high mean values of about 3,000 mg kg™' (0.3%) and more,
while SRC with <500 mg kg™' has the lowest values. As known from fossil fuels,
the sulphur contained in crops enters into the gaseous phase during thermal pro-
cesses, forming sulphur oxides (SO, and SO,). It is released into the atmosphere
and thus contributes to the acidification of soils and waters. Moreover, it develops
the corrosion in boilers, gasifiers and engines (Scholz and Ellerbrock 2002).
Although the S content in all biofuels is much lower than in fossil coal (>0.3%),
there are limiting values for pellets <(400, ..., 2,000) mg kg=' (DIN 51731 1996;
prCEN/TS 14961 2004), and there are thresholds for biogas (H,S < 0.15 Vol%)
(FNR 2004) as well as for vegetable oil (S < 20 mg kg™') used in engines (DIN
51506 2005).
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Chlorine (Cl) forms chlorohydrocarbon (HCI) in thermal processes and so
accelerates the corrosion. However, the forming of highly toxic polychlorinated
dibenzodioxines and dibenzofuranes (PCDD/F) is more harmful (Daunderer 1991).
Thus, Cl is strongly limited in fuel standards, e.g. for wood pellets <(200, ..., 300)
mg kg™ (DIN 51731 1996; prCEN/TS 14961 2004). In energy crops, the Cl content
ranges in the extremely wide span of 20-14,600 mg kg™' and depends not only on
the crop species, but also on fertiliser, site, weather, storage conditions, etc. Among
all species, poplar and willow (SRC) have the lowest mean contents of less than 200
mg kg™ (0.02%).

The content of environmentally harmful macronutrients and micronutrients in
energy crops varies in a wide range and depends above all on the species. Therefore,
the crop species with lower contents are, in general, more favourable. However, the
fertilisation also has an influence. Fertiliser levels of nitrogen, potassium, sulphur
and chlorine and to a lesser extent phosphorous determine the contents of these
elements in energy crops and hence the risk of releasing these into the atmosphere
or damaging the energy conversion installations.

5.6.2 Heavy Metals

The environmental relevance of heavy metals in energy crops results from both
the use of energy crop residues as fertiliser and their influence on the conversion
processes. Among the heavy metals analysed in plants, those especially relevant
are the ones whose accumulation in soil and crops is caused by the energy-related
input and/or the input from fertilisers (BioAbfV 2002; Diing MV 2003; Diinge V
2003) and/or whose emissions are legally limited, in particular cadmium (Cd <
0.2 mg m?), lead (Pb < 5.0 mg m™), copper (Cu < 5.0 mg m~) and zinc (Zn)
(TA-Luft 2002).

Cadmium (Cd), which is produced during smelting and during combustion of
fossil raw materials, and which is contained in some fertilisers as well as in some
fractions of biomass ash, is phytotoxic and may cause functional kidney disorder
and bone damage along with other detrimental effects (Daunderer 1991; Merian
1991). Moreover, it may disturb the fermentation processes in biogas production
(FNR 2004). With mean contents of 0.75 and 1.15 mg kg™! of DM, cadmium is
preferably absorbed by poplars and willows. Potato, whole crop cereal and grain,
such as wheat, rye and triticale, which are conventionally used as foods and
feedstuffs, have significantly lower contents of 0.02— 0.20 mg kg, ~'. Grass and
M. sinensis are situated in between them (Table 5.10).

Motor vehicle traffic is the main source of anthropogenic lead (Pb) emissions.
In humans, toxication causes damage to the nervous system and the kidneys along
with other harmful effects (Merian 1991). Lead is preferably absorbed by grass and
rape seed. Its content reaches values of more than 5 mg kg~!, while the average lead
content of the other plant species is relevantly lower and in some cases below the
detection limit.
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Table 5.10 Average and span of the content of some environmentally relevant heavy metals in
selected energy crop species (Ocker et al. (1984), von Steiger and Baccini (1990), KTBL (1990),
Stadelmann and Frossard (1992), Wolfensberger and Dinkel (1997), Heinzer et al. (2000),
Hartmann and Kaltschmitt (2002), Wittke (2002), Scholz (2004), FNR (2004), FNR (2005),
KTBL (2006), Rohricht and Kiesewalter (2007), Stolzenburg (2008))

Cadmium Lead (Pb) Copper (Cu) Zinc (Zn)
(Cd) (mg kg™)  (mg kg™ (mg kg™') (mg kg™')
Min Min Min Min
Crop species Used part Mean Max Mean Max Mean Max Mean Max
Rape Seeds 0.07 0.04 525 - 8.80 260 415 35
0.16 - 15.0 48
Sunflower  Seeds 0.37 022 - - 21.5 18.0 46.0 36
0.51 - 25.0 56
Wheat Grain 0.10  0.05 0.13 0.10 4.20 3.50 38.8 18
0.15 0.16 5.0 45
Winter rye  Grain 005 - 0.12 - 370 - 335 30
- - - 35
Potato Tuber 0.02  0.007 0.02 0.013 - - 4.3 3.2
0.028 0.024 - 54
Wheat Whole crop 0.10  0.05 0.25 0.10 2.70 2.0 13.3 10
0.20 0.60 39 20
Winter rye  Whole crop 0.04  0.03 <1.0 <1.0 4.42 3.8 237 32
0.06 <1.0 4.7 25
Winter Whole crop 0.06  0.04 <1.6 <1.0 5,10 2.00 372 8
triticale 0.08 2.60 6.80 66
Maize Whole crop 0.20 - 2.00 - 4.80 450 450 35
- - 5.00 56
Grass Whole crop 0.76  0.20 5.10 380 1560 11.8 82.0 38
1.57 5.80 22.6 135
Miscanthus  Whole crop 055  0.05 1.00 0.50 1.20 - 100 -
sinensis 1.00 4.50 - -
Poplar Whole crop 0.75  0.20 <1.0 <1.0 2.88 2.60 53.0 38
1.35 <1.0 4.00 58
Willow Whole crop 1.15  0.38 <1.0 <1.0 3.68 340 90.0 45
2.18 <1.0 4.00 105

Like the previously mentioned metals, zinc (Zn) and copper (Cu) are released
during smelting. Additionally, zinc can be found in abraded tyre material, engine
oil and the smoke gas of coal combustion plants. Characteristic of both metals is that
they are essential as well as toxic. However, an increased input does not constitute
a severe health risk for humans (Merian 1991) but can, for example, restrain the
biogas production (FNR 2004). The mean Zn content of the crops ranges between
4 mg kg, ' (potato) and 90 mg kg ~' (willow) and the Cu content varies between
1 mg kg~ (miscanthus) and 22 mg kg ' (sunflower). A general characteristic of
both metals is that they belong to the micronutrients and that, despite relatively high
values, in general their contents in the soil remain clearly below the tolerance threshold
of <200 mg kg, ™' for zinc and <60 mg kg ~' for copper (BioAbfV 2002).
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Heavy metals may play an important role in using energy crop residues as
fertiliser (see above). In connection with the use of biomass ashes, it is remark-
able that during combustion of solid fuels the heavy metals are separated in dif-
ferent quantities in the ash fractions. For instance, 98% of the cadmium is
concentrated in the filter ash, which generally has been decreed by law (Hasler
and Nussbaumer 1996; Obernberger 1997). As a result, for example the grate ash
is nearly free of Cd and can be used as a valuable basic fertiliser, if the law per-
mits. Most of the pertinent laws and recommendations limit the yearly input of
heavy metals into soil (Berg et al. 1991; Giller et al. 1998; Vance and Mitchell
2000; Perucci et al. 2006). In any case, there is no problem in the case of SRC,
grass and miscanthus which have Cd contents >0.5 mg kg='. Even if the ash of
such a crop is applied on the same field, the soil will be decontaminated of Cd in
the long term (Scholz et al. 1999, 2004b). Thus, these energy crop species may
be used for purifying polluted soils.

The uptake of heavy metals from soils is also determined by their contents in soil
and by plant species. If these crops are used for anaerobic digestion one has to
consider that there is a remarkable risk of an accumulation of heavy metals in the
soil. In the case of combustion, many heavy metals can be removed by filtering the
ash and it can be used safely as fertiliser. Thus, cultivation and combustion of SRC
is a smart scheme of removing heavy metals from contaminated soils.

5.7 Emission of Nitrous Oxide

During cultivation of crops, i.e. during tillage, planting, fertilising and growth as well
as during harvest and storage, various climate-effective gases emit from soil and
plants. These so-called greenhouse gases, particularly the Kyoto gases CO,, CH, SF,,
PFC, HFC and N,O, impair the ecological benefit of energy crops. In addition to
carbon dioxide (CO,), the most harmful and most investigated gas of crop production
is nitrous oxide (N,0), also called laughing gas. Though it is only responsible for
about 20% of the total GHG emissions from worldwide agriculture (EPA 2006), it
may amount to 70% of the GHG emissions of energy crop production (Neubarth and
Kaltschmitt 2000; Heinze 2001). On the field alone it emits nearly 50% of the CO,
equivalents of all GHGs (Hartmann and Kaltschmitt 2002).

Nitrous oxide, a by-product of fixed nitrogen fertilisation, has a 100-year average
global warming potential (GWP) about 300 times higher than an equal mass of
CO,. As a source of NO_, i.e. NO and NO,, N, O also plays a major role in strato-
spheric ozone chemistry (Crutzen et al. 2007). In soil, N,O is produced predomi-
nantly by two microbial processes, the oxidation of ammonium (NH,*) to nitrate
(NO;") and the reduction of NO,™ to gaseous forms NO, N,O and N, (Firestone
1982). The rate of N,O production depends on the availability of mineral N in the
soil and the conversion factor (CF) depends on soil type and climate (e.g.
Bouwman 1990, 1996; Granli and Bgckman 1994; Bouwman et al. 2002; Novoa
and Tejeda 2006; Stehfest and Bouwman 2006).
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Agronomic practices such as tillage and fertiliser applications can significantly
affect the production and consumption of N, O because of alterations in soil physical,
chemical, and biochemical activities. Following N-fertiliser applications, an increase
in N,O flux rates has been observed in field and laboratory experiments (e.g.
Mulvaney et al. 1997; Kaiser et al. 1998; Jackson et al. 2003). N,O emission from
croplands at site scales occurs essentially with great spatial and temporal variability
(Veldkamp and Keller 1997; Dobbie and Smith 2003; Hellebrand et al. 2003, 2005).
The annual pattern of temporal variation of N,O emissions is determined in the
temperate regions by the seasons and weather conditions, since soil N O emissions
are regulated by temperature and soil moisture and so are likely to respond to climate
changes (Frolking et al. 1998; Ruser et al. 2000).

Because of these influencing factors, the measuring results vary over a wide
range. Moreover, there are several high emission periods with emission rates of
more than 1,000 ug N,O m™ h'. These longer-lasting high N,O emissions, called
“hot spots” or “hotspots” (e.g. Christensen et al. 1990; Rover et al. 1990; Hellebrand
et al. 2005; Wanga et al. 2006), were detected at fertilised blocks only. Thus, they
can cause a local measured emission factor of more than 10%. The reason for these
N,O hot spot emissions is not clear up to now. High emissions after harvesting were
observed several times and might be connected with soil distortions.

Reliable long-term measurements have been performed by Hellebrand et al.
(2008). They measured the N,O emissions on different fertilised energy crop plots
on a sandy soil over a period of 9 years and found differences not only between the
various fertilisation levels, but also between the crop species. In spite of the yearly
spread it can be summarised that SRCs cause less N O than cereals and grass. So the
N,O emissions rate on non-fertilised poplar and willow fields is only 17-26% of
the rate on conventionally fertilised cereal fields (Fig. 5.5).

In literature the absolute emission rates are scarcely discussed, but instead
mainly the N,O nitrogen CF. It is defined as N,O-N emission caused by fertilisa-
tion in relation to the nitrogen fertiliser applied. The emission period considered
is 1 year and the fertiliser-caused emissions are obtained by taking the difference
between fertilised and non-fertilised fields (Bouwman 1996). The
Intergovernmental Panel on Climate Change (IPCC) recommends an average
factor of 1.25% (De Klein et al. 2006) and Hellebrand et al. (2005) measured an
average value of 0.8% = 0.1%. On the other hand, Crutzen et al. (2007) calculate
a factor of 3-5% N,O-N on the base of global N,O emissions and Fechan and
Petersen (2004) calculate even 10% N caused by further conversion processes of
the N fertiliser. If they are right, the latter values had a considerable impact on
the GHG balance of energy crops. However, these values are not verified and are
widely discussed in the scientific community. There is thus a strong need for
further research in this field.

Nitrous oxide emissions are generally induced by fertiliser application. Emission
strength varies with soil type, temperature and moisture and is substantially crop-
specific. There is a considerable difference between woody species and cereals.
While the IPCC general N,O emission value is set to 1.25% of the nitrogen applied,
an average of 0.8—1.0% could be found from sandy soils.
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Fig. 5.5 Crop-specific N,O-N emissions with and without hotspots for different N fertilising rates
according to Hellebrand et al. (2008), continuously measured for up to 9 years on sandy soil in
Germany. The additional N,O emissions caused by the “hotspots” are not insignificant. However,
the reason for these irregular increases is not yet clear

5.8 Energy Yield

One of the most important environmental criteria for the production of energy crops
is the energy yield per hectare. The energy yield is mainly dependent on the biomass
yield and on the conversion technology, and hence on the fraction of crop used as
energy source (Table 5.11).

With approximately 170-230 GJ ha™' year™!, the highest energy yields in total
are achieved by solid fuels (dry bales, chips, briquettes, pellets) produced from
whole crop cereals such as wheat, rye and triticale. Only M. sinensis and maize
have higher figures. However, the former bases on an uncertain biomass yield and
the latter can be only wetly harvested and stored as silage (in central Europe).
The energy yield of grass, poplar and willow is a little lower compared with cereals,
which in the case of SRC is partly caused by the high moisture content of >250%.

Liquid fuels have the lowest figures. With less than 40 GJ ha™! year!, the rape
seed oil, which is similar to rapeseed methyl ester (RME, FAME), has lower figures
than ethanol from several grain species. The highest energy yield of all liquid
biofuels produced in Germany is obtained from sugar beets at more than 130 GJ ha™!
year~!, which is even better than BtL fuels produced from whole crop cereals.
However, the input of energy for the production (conversion) of the ethanol is also
very high and ranges between 15 and 25 MJ L, respectively 75-140 GJ ha! year™
(Schmitz 2003; Quirin et al. 2004).

The energy yield of biogas produced from grains, beets or whole haulm-type
crops lies mostly between the corresponding solid and liquid fuels, which predestines
it for stationary (heat and) power generation (CHP).
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However, the area-related energy yield is not the sole criteria for evaluating the
energy efficiency of a crop species and/or a fuel type. The energy inputs (CED) of
cultivation and conversion processes (see Table 5.7), the DM losses, the energetic
use of by-products and the further ways of utilisation must also be considered.

5.9 Greenhouse Gas Balance

The most frequently used criterion for evaluating the impact of biofuels on the
environment is the GHG balance. This balance represents the difference between
the emissions of GHGs during production and utilisation of a biofuel and the saving
of GHGs due to the substitution of a fossil fuel. Thus, the result of a balance, the
reduction of GHG emissions, depends considerably on the substituted fuel and the
technology used. Recent balances calculate not only CO, (1), but also CH, (13, ..., 21)
and N,O (296, ..., 310) in CO, equivalents which are denoted here in brackets (e.g.
Beer et al. 2001; ADEME 2002; Patyk and Reinhardt 2002; CONCAWE 2006).
Some of them consider further gases such as HFC (140, ..., 11,700), PFC (6, 500,
..., 9,200) and SF, (23,900). Surveys and analyses of the results are given by Quirin
et al. (2004), Arnold et al. (2006), Ramesohl et al. (2006), Nitsch (2007), Hill
(2007), Fehrenbach et al. (2007) and others.

Most of the GHG emissions result from the energy input (CED) during production
and conversion of the energy crops and from N,O emissions on the field. Thus,
highly fertilised crops such as rape, maize and sugar beets as well as energy-intensive
conversion processes such as ethanol and BtL production have a priori unfavourable
results. However, high energy yields and the consideration of CO, credits may
improve them. Such credits result, for example, from the utilisation of by-products
and/or residues as fertiliser or energy source. Moreover the carbon sequestration in
soil may also influence the result. Depending on the detail of a balance, these shares
are more or less completely considered in these calculations (Fig. 5.6).

In spite of the wide span of these calculation results, it can be summarised that
oil seeds and grain converted to straight oil, biodiesel or bioethanol have the lowest
CO, saving potential, less than 5 t COZECl ha~! year™!. Ethanol as gasoline substitute
produced from sugar beets and potato shows a very wide range from —-0.7 to 11 t
COZeq ha™! year™! which is caused by different conversion technologies, different credit
assumptions and different calculation methods. This is also true for biomethanol
from whole crop cereals. With approximately 10-14 t CO, ha™ year™ the best
figures in total are achieved by ligno-cellulosic crop species such as whole crop
cereals and SRCs which are used to generate heat or combined heat and power with
a boiler or gasifier.

Hence assuming that appropriate energy crop species were cultivated on
17.5 million hectares (15% of arable land of EU) and used in appropriate energy
technologies with an average saving potential of 10 t CO2eq ha™! year™!, more than
20% of the CO, reduction target of the EU (843 Mt COZEq year~! respectively 20%
from 1990 to 2020 according to AEBIOM 2007) could be fulfilled.
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Reduction of CO, (CO,eq ha™y™)
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Fig. 5.6 CO,-savings by use of biofuels made from energy crops according to Schmitz (2003),
Quirin et al. (2004), CONCAWE (2006), Hill (2007) and BMELV (2007b). Conversion pathways:
1 Straight oil — Drive; 2 Biodiesel — Drive; 3 Grain — Heat; 4 Ethanol — Drive; 5 Ethanol —
Heat & Power; 6 Ethanol — Drive; 7 Bales — Heat & Power; 8 BtL — Drive; 9 Methanol —
Drive; 10 Ethanol — Drive; 11 Biogas — Drive; 12 Biogas — Heat & Power; 13 Chips — Heat;
14 Chips — Heat & Power; 15 BtL — Drive

Most important GHGs are carbon dioxide, methane and nitrous oxide, and the
less important ones are fluorinated compounds, although their greenhouse warm-
ing potential ranges in the thousands of CO, equivalents. GHG emissions corre-
spond, in general, with the energy balance of energy conversion paths, i.e. liquid
biofuels have the lowest GHG reduction potential in comparison to mineral fuels,
whereas solid fuels save most GHG emissions compared to fossil fuels. GHG reduc-
tion ranges from O to 14 t ha™' year™' CO, equivalents. The cultivation of energy
crops on 15% of total arable land would significantly contribute to the EU CO,
reduction target.

5.10 Conclusion

The cultivation and supply of energy crops is, in general, sustainable, although
there are differences between species. Ligno-cellulosic plants are more favourable
in this context than oil seeds or grains. In addition to a great many usable species,
which result in better biodiversity, the most important advantages of this species
group consist of using the whole plant, releasing generally fewer environmentally
harmful substances into the environment, as well as reducing the possibility of
fertiliser and pesticide input without any loss in net energy gain. Ligno-cellulosic
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plants also include some promising perennial species such as poplar and willow,
which need low inputs, cause low N,O emissions, sequestrate carbon in soil and
have a high potential for GHG reduction. However, broad practical experiences and
validated yields are lacking so far.

In addition, the conversion pathways have a strong influence on the results of
sustainability assessments. Here, it is favourable to apply technologies which
use the whole crop rather than only parts of it. So combustion, gasification and
anaerobic digestion are, in general, more favourable than producing liquid biofuels,
although the production of ethanol from high-yielding species like sugar beet or the
production of BtL from whole crops, i.e. using also the ligno-cellulosic plant parts,
can substantially increase the sustainability of this pathway.

Hence, the assessment of sustainability of bioenergy has to integrate both the
cultivation of the energy crops and the route of conversion and utilisation of the
bioenergy carrier. Although there is already a broad range of publications on this
issue, more integrating research is required for a sustainable development in order
to reach the targets set by the EU.
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Chapter 6
Phosphorus, Plant Biodiversity
and Climate Change

Nicole Wrage, Lydie Chapuis-Lardy, and Johannes Isselstein

Abstract Phosphorus (P) is a major plant nutrient. Its increasing use as a fertilizer
has helped to raise crop and fodder production. However, the global reserves and
resources of P are finite, demanding an efficient use of P. Under natural conditions,
it is often in limited supply. Plants have developed adaptations to small soil P con-
centrations. Increased P levels can have unwanted side effects like eutrophication
and algal blooms. Besides, P concentrations in the soil have often been found to be
negatively correlated with plant diversity. For sustainable agriculture, it is essential
to understand 1) adaptations of plants to small P concentrations in soils to maintain
production with decreasing P reserves, 2) influences of P on phytodiversity to
minimize unwanted effects, and 3) future developments of P and phytodiversity in
relation to climate change to adjust agricultural practices.

P is essential for the energy and sugar metabolism of plants. As it moves in soils
by diffusion only, the geometry of the root system is essential for its uptake. Plants
have developed different adaptations for P uptake: e.g., localized or overall increases
in the number of roots, the development of cluster roots that increase the root surface
area by up to 140 times, exudation of different phosphatases and organic acids in
reaction to specific forms of P, or symbiosis with mycorrhiza that may be responsible
for up to 75% of the P acquired by plants. Gradual differences in these adaptations
decrease interspecific competition and facilitate coexistence. Low P concentrations
increase plant diversity by favoring stress-tolerant rather than ruderal species or by
restricting the growth of competitive grasses more than that of forbs. According to
the niche dimension hypothesis, more limiting resources lead to more coexisting spe-
cies. Worldwide, P limitation is as relevant for plant production as nitrogen (N)
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limitation. Thus, P could regulate the size of ecological niches by being the main
growth-limiting factor or by being coupled to other limiting resources.

Global climate change influences soil P availability. Increasing temperatures tend
to increase P mineralization of litter. Furthermore, temperature increases by 5 _°C
have been found to double the colonization of roots by mycorrhiza. Nitrogen miner-
alization was enhanced by on average 48% by temperature increases of between 0.3
and 6.0 _C. Larger amounts of N stimulate phosphatase exudation and plant P
uptake. This could result in increased soil P availability, which is further enhanced
by increased P mobilization due to human activities. Such a development would
reduce phytodiversity and promote the growth of ruderal, fast-growing species.
In the long run, this could cause mining of soil P, which would then again increase
plant diversity. However, diversity needs a long time to recover from P additions.
Therefore, in sustainable agriculture, increases in soil P relative to other factors
limiting plant growth have to be prevented to guarantee large phytodiversity.

Keywords Climate change « Exudation « Niche « Phosphorus « Phytodiversity

6.1 Introduction

Phosphorus (P) is one of the major plant nutrients. Under natural conditions, it is
often in limited supply and restricts plant growth. Since the middle of the nine-
teenth century, P has been used as a fertilizer. Its use as a fertilizer has increased
globally from 4 Tg in 1950 to 15 Tg in 2000 (Zhang et al. 2008). Due to human
activities, by the year 2000, P mobilization had tripled compared to natural flows
(Smil 2000). While augmenting crop and fodder production, such increased P supply
can have unwanted side effects on natural ecosystems. Thus, increased P levels have
been identified as a main factor for eutrophication of surface waters that may lead
to algal blooms (Schindler 1974; Schindler et al. 2008). Furthermore, in grasslands
and natural systems, the availability of soil P has often been found to be negatively
correlated with plant diversity (Janssens et al. 1998; Giisewell 2004; Hejcman
et al. 2007a). Global P reserves and resources have been estimated to last between
100 and 470 years (Syers et al. 2008) or even less (Vance 2001) at current rates of
exploitation with improving exploitation technology. Although such forecasts vary
widely, it is certain that the P supply is finite (Syers et al. 2008) and that prices for
P fertilizers will increase (Vance 2001).

How P is affecting plants and their growth is not only a function of P availability,
but rather one of the relations between P availability and other factors limiting
growth, e.g., other major plant nutrients, light and water. Verhoeven et al. (1996)
found a ratio between nitrogen (N) and P of aboveground biomass of herbaceous
mires at the end of the growing season of 15:1 that separated N from P limitation.
Giisewell (2004) points out that in several studies of terrestrial plant systems, N/P
ratios in the vegetation smaller than 10 or larger than 20 usually indicated N or P
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limitation, respectively. During successional vegetation stages, more N is becoming
available, while soil P concentrations remain comparatively stable, leading to a
shift from N to P limitation (Verhoeven et al. 1996). N deposition may also increase
N availability, so that P becomes more limiting (Verhoeven et al. 1996; Turner et al.
2003). A meta-analysis of the recent literature has shown that P limitation is as
crucial as N limitation for plant production in terrestrial systems, regardless of the
latitude (Elser et al. 2007).

In soils, more than half of the extractable P has been found in the upper 30 cm
in an analysis of global soil data sets averaged across climate zones and vegetation
types (Jackson et al. 2000). According to this analysis, P has the shallowest distri-
bution of the major plant nutrients (total nitrogen, extractable P, exchangeable
potassium, calcium, magnesium, and sodium) in soils. This distribution is influenced
by P input, vegetation uptake, and microbial activities, which are in turn affected
by a range of variables, including climate, season, soil type, and management (e.g.,
Jackson et al. 2000; Styles and Coxon 2007).

In this article, we will first explore the influence of P on plant growth and the
influence plants have on soil P availability. In competing for this essential and
often limiting resource, plants have developed a range of adaptations like cluster
roots and cooperation with mycorrhiza. Plants’ different ability to cope with a
range of soil P concentrations and to influence P availability also affects their
coexistence and thus phytodiversity. Thus, increasing P mobilization due to
human activities may threaten plant diversity. The relationship between P and
plant diversity will be discussed in the second part of the paper. Climate change
influences the mineralization and availability of P. This interaction and possible
effects on phytodiversity will be explored in the last part. With the gained knowl-
edge, it will be easier to understand how plants can maintain productivity despite
low soil P concentrations, how P influences coexistence and how future changes
might affect this. This should support the development of management practices
improving the sustainability of agriculture with respect to both P resources and
biodiversity.

6.2 Interactions of P Concentrations and Plants

6.2.1 Influence of Soil P Concentration on Plants

P is crucial for several aspects of plant metabolism, especially the energy and sugar
metabolism, and several enzymatic reactions, including photosynthesis. Plants have
therefore developed mechanisms for the uptake and efficient use of P. Maize plants
recycled N quicker from old to young tissue when P is deficient, leading to earlier
leaf senescence (Usuda 1995). P-deficient plants invest more resources into root
development and therefore have an increased root-to-shoot biomass ratio compared
to well-nourished plants. Furthermore, they accumulate more carbohydrates in
leaves and allocate more carbon to the roots (Hermans et al. 2006).
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Carbohydrates may influence gene expression in plants, thus helping to regulate
enzymatic pathways in reaction to mineral deficiencies (Lloyd and Zakhleniuk
2004; Hermans et al. 2006). Miiller et al. (2007) found that almost 150 genes in
Arabidopsis thaliana were synergistically or antagonistically regulated by P and
sugar. In white lupin, addition of sucrose, glucose, or fructose to the growth
medium stimulated the accumulation of transcripts of genes essential for P uptake
in seedlings grown in the dark with sufficient P (Liu et al. 2005). Interruption of
phloem flow or growth in the dark of P-deficient plants reduced the accumulation
of these transcripts compared with P-deficient control plants (Liu et al. 2005). Thus,
it could be shown that the plant P metabolism is closely linked with and may be
controlled by photosynthesis and sugar metabolism.

Plants can react to low P concentrations in their organs by adapting their root
system and their exudative behavior. P does not move through the soil by bulk flow,
but only by diffusion, which is very slow (107'? to 1075 m? s7!, Schachtman et al.
1998). Thus, the geometry of the root system is crucial. He et al. (2003) described
increases in total root length and root fineness of rice roots in soil zones with high
P content. In split-root experiments, more roots were grown in the high-P compart-
ment, especially when the other compartment was P deficient (He et al. 2003).
The same was found for wheat when P was applied in a vertical strip in one of the
compartments. In the first weeks of growth, root growth in this high-P strip was
increased by plants supplied with 4 mg P kg™ soil in the other compartment com-
pared to that of plants supplied with 14 mg P kg™' soil. After 8 weeks of growth,
the plants showed similar root growth in the high-P strip (Ma and Rengel 2008).
A. thaliana grew longer (Bates and Lynch 1996) and denser (Ma et al. 2001) root
hairs in low-P environments.

Mycorrhiza have been shown to be very important for P uptake (Bolan 1991; van
der Heijden et al. 2006). In wheat, the arbuscular mycorrhizal colonization
decreased with increasing soil P. It was reduced from 60% of root length colonized
at 10 mg P kg™' soil to 10% at 27 mg P kg™ soil (Covacevich et al. 2007). This was
independent of shoot P contents.

An interesting adaptation of the root system to low P is the formation of cluster
roots. As they are an adaptation, but not systematically different from other roots
(Skene 2003), we will review the knowledge about the well-studied cluster roots in
some detail as an example of root functioning.

Cluster roots have first been described for Proteaceae (Purnell 1960), where root
clusters are widespread. Meanwhile, cluster roots have also been identified in several
other families, including Betulaceae, Fabaceae, and Cucurbitaceae (Lamont 2003;
Shane and Lambers 2005). Cluster roots are an aggregation of increased numbers
of hairy branch roots at specific regions along the axis of growing roots (Lamont
2003; Shane and Lambers 2005). Opposite every protoxylem pole in the cluster
root region, a rootlet develops (Skene 2003). This may lead to an increase of the
surface area of 140 times and of the explored soil volume of 300 times per unit
length of root as measured in Leucadendron laureolum (Lamont 1983, 2003).

From the cluster roots, carboxylates are exuded at high rates (Shane and Lambers
2005), leading to an increasing mobility and uptake of P and other nutrients (Gerke
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et al. 2000). A major factor leading to the formation of cluster roots seems to be the
P concentration in the plant, not that in the soil (Shane and Lambers 2005).
Furthermore, the P concentration in the shoots has been shown to be more influen-
tial than that in the roots of white lupin (Shane et al. 2003a) and Hakea prostrata
(Shane et al. 2003b). Different P nutrition of the roots of white lupin in a split-root
experiment did not lead to differences in root morphology or exudation in the dif-
ferently treated halves of the root system (Shane et al. 2003a). However, Shane and
Lambers (2005) reported results from split-root experiments with other species that
did differ in their efforts on the low- and high-P side: H. prostrata and H. trifurcata
developed more cluster roots on the low-P side, while Lupinus pilosus developed
more on the high-P side. In the soil, cluster roots have generally been found in
nutrient-rich layers, even to a depth of 5 m (Pate et al. 2001).

Next to the amount of P, the chemical form of this nutrient (Lambers et al. 2002;
Shu et al. 2005; Shane et al. 2008) and the availability of other nutrients, especially
nitrogen, potassium, and iron (Shane and Lambers 2005) affects the formation of
cluster roots. It seems to be regulated by several plant hormones. Thus, application of
auxin led to the production of cluster roots in white lupin at P concentrations that
normally suppress cluster roots (Gilbert et al. 2000; Neumann et al. 2000). Cytokinines
might also play a role, as kinetin applied to the growth medium of P-deficient white
lupin inhibited the formation of cluster roots (Neumann et al. 2000).

A role of noninvasive microorganisms in cluster formation has been suggested,
as the number of formed cluster roots in H. prostrata was increased from none to
160 g~! root when grown on autoclaved sand with autoclaved or non-autoclaved soil
extract, respectively (Lamont and McComb 1974). Auxin-producing bacteria have
been found to be more frequent in juvenile and mature cluster roots than in senescent
cluster roots (Weisskopf et al. 2005). As auxin induces cluster root formation, there
might be an interaction between these bacteria and the roots. However, there were
no significant differences in the frequency of auxin-producing bacteria between
cluster roots and non-cluster roots (Weisskopf et al. 2005). The exudation of pheno-
lics by root clusters has been suggested to inhibit microbial breakdown of the exuded
carboxylates (Lambers et al. 2006; Weisskopf et al. 2006). Thus, while the role of
bacteria in the formation of cluster roots is still being discussed, there are indications
for reciprocal influences between rhizosphere bacteria and cluster roots.

To sum up, several mechanisms exist that allow plants to exploit scarce resources
of P. Interestingly, some plant species are able to locally adapt their root system and
exudation behavior when they encounter soil areas rich in P (Fransen et al. 1999;
Shane and Lambers 2005). Mycorrhiza are also able to react to areas rich in P with
increased production of hyphae (St. John et al. 1983; Cavagnaro et al. 2005). In
contrast, other species seem to take their shoot P concentrations as a trigger for
producing more or less roots, regardless of patchy soil concentrations of this nutrient,
or they even produce more cluster roots in low-P areas. Figure 6.1 shows several
strategic models for root development in environments with patchy P distribution.
A general increase in root production as shown in Fig. 6.1b makes sense when the
distribution of P is patchy, but nutrient availability is not severely limiting. This
strategy ensures a high probability of accessing high-P areas. It could also allow the
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Fig. 6.1 Different plant strategies for dealing with patchy distribution of P in soil: (a) initial situ-
ation: random distribution of roots, (b) increased root production, (¢) production of cluster roots
in high-P environments, (d) production of cluster roots at random. For discussion, see text

exploitation of P in deep soil layers if more roots are developed in greater depths.
However, it is very cost-intensive, as a lot of resources need to be used for building
roots. Under limiting nutrient supply, plants have been found to use up to 35% of
photosynthates for root growth, plus an extra 20% for exudation (Lambers et al.
1998). The strategy shown in Fig. 6.1c is more efficient: Cluster roots are developed
in all accessed high-P areas. Soil high-P areas are missed more easily than in the
case shown in Fig. 6.1b. Therefore, this P-reactive cluster root formation is the best
strategy if high-P areas are encountered regularly, e.g., due to their homogeneous
distribution throughout the soil or due to their large size. Figure 6.1d shows a strategy
where root clusters are formed independently of the P concentration in the affected
soil region, e.g., in reaction to low shoot-P concentrations. This would be advanta-
geous if the distribution of P was relatively homogeneous or if the concentration of
P outside of high-P areas would still be worthwhile extracting. It could also be an
adaptation to seasonal variation, when the P concentration in the plant decreases
just before new sources of P become available.

Although cluster roots form an interesting adaptation, species that do not form
clusters generally have the same means of accessing nutrients, albeit not in such a
condensed form: They use root growth and branching to access nutrient-rich areas,
exudation to increase nutrient availability, and absorption for uptake (Skene 2003).
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Thus, the outlined regulating factors and strategies also apply to species that do not
form cluster roots. Furthermore, nutrient uplift, i.e., net displacement of nutrients
from deep layers to the topsoil (Jobbdgy and Jackson 2004), is used by plants to make
P more accessible. This leads to the next section, where we discuss the influence of
plants on soil P concentrations.

6.2.2 Influence of Plants on Soil P Concentration

McGill and Cole (1981) suggested that the concentration of available P in the soil
depended on biochemical mineralization, i.e., mineralization by extracellular
enzymes, which does not provide energy to organisms and depends on the amount
of enzymes present. This is controlled by the need for P. Thus, organic P input into
the soil only influences the size of the total pool, while plants, microbes, and
mycorrhiza can make P available by releasing phosphatases and phosphohydrolases
into the soil. Phosphatase excretion has been used as an indicator of the P status of
plants (Johnson et al. 1999; Phoenix et al. 2004).

Exudation occurs in response to environmental constraints, especially P deficiency
(e.g., Jones 1998; Hinsinger et al. 2003) and differs depending on the P-form
(Lambers et al. 2002) and plant species (Nuruzzaman et al. 2006). Banksia grandis
exuded citrate, malate, and trans-aconitate when supplied with aluminium-phosphate.
It exuded less of these tricarboxylates and dicarboxylates, but instead lactate and
acetate, when supplied with iron-phosphate (Lambers et al. 2002). Plant species differ
in their abilities to use various P species (van Ray and van Diest 1979), which can be
due to differences in their exudation behavior (Nuruzzaman et al. 2006) and acidifica-
tion of the root zone (Haynes 1992). This can influence the interspecific competition
and coexistence of species, as we will discuss later.

Exuded carboxylic acids may form complex metal cations binding phosphate and
cause exchange of phosphate from the soil matrix; phenolics and mucilage may
serve similar purposes (Lambers et al. 2006). Organic acids are also exuded by so-
called phosphate-solubilizing microorganisms that may increase the availability of P
to plants in sustainable agriculture (Khan et al. 2007). Exudation of organic acids has
often been referred to as a possible source of rhizosphere acidification (e.g., Hoffland
et al. 1989), and enhanced proton release may occur as a response to P shortage
(Bertrand et al. 1999; Neumann and Romheld 1999; Hinsinger et al. 2003). Soil pH
is one of the main parameters determining adsorption/desorption equilibria of phos-
phate in soils (Hinsinger 2001). Decreased pH mediated by plants was invoked as a
possible mechanism for the increased dissolution of P-containing minerals and thus
of increased P availability shown for example for the exotic invasive plants Lepidium
latifolium (Blank and Young 2002) and Solidago gigantea (Herr et al. 2007).

Besides their influence on P availability, plants also influence the size of the
total organic P pool, mainly through the rate and quality of organic input from
aboveground litter and root turnover. The rate of organic P input with litter depends
on the size and P status of the plants. P-deficient plants usually have less
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aboveground biomass and less P per unit biomass. Input into the soil from litter of
P deficient plants may also be reduced because they may be more efficient in real-
locating P during senescing of leaves (Giisewell 2004). This may also have an effect
on leaf longevity, which is normally increased in reaction to nutrient limitation, but
may be reduced when nutrient translocation to young tissue plays a relevant role
(Lajtha and Harrison 1995). Root turnover may be a major input for the soil P pool.
Aerts et al. (1992) calculated that root turnover contributed 67% to the total litter
production of a stand of Molinia caerulea, and even 84% to total litter P loss, since
no resorption of P from senescing roots was observed. The rates were about two or
three times smaller for stands of Deschampsia flexuosa and Calluna vulgaris,
respectively. Root turnover itself seems to be influenced by P availability: In
Hawaiian montane forests, old, P-deficient sites had an increased turnover of roots
when fertilized with P and differently fertile sites also showed a correlation between
root turnover and P availability (Ostertag 2001). This can be caused by different
rates of mineralization and immobilization of P, which are influenced by litter quality,
e.g, its P content (McGrath et al. 2000).

Of course, plant symbionts also influence the P cycle. Ectomycorrhizal fungi
have been described to contribute to rock weathering, i.e., solubilizing P from min-
erals that would otherwise be inaccessible for plants, even through tunnels to the
inside of the minerals (Landeweert et al. 2001). Van Scholl et al. (2006) have shown
that the fungus Paxillus involutus can increase weathering of muscovite, but not
hornblende. Two further tested fungi did not increase weathering, indicating that
this ability seems to depend on the species of ectomycorrhizal fungus. Van der
Heijden et al. (2008) suggest that mycorrhizal fungi are responsible for up to 75%
of P acquired by plants annually. The role of free-living bacteria for P acquisition
by plants is still unknown (van der Heijden et al. 2008).

Invertases, the enzymes catalyzing irreversible hydrolysis of sucrose to fructose
and glucose, were upregulated in mycorrhizal roots in response to colonization by
arbuscular mycorrhiza, not to P nutrition (Garcia-Rodriguez et al. 2007). Since
mycorrhizal colonization is negatively related with P availability (Covacevich et al.
2007) and fructose and glucose increase the transcription of genes essential for P
uptake (Liu et al. 2005), this coupling may have developed in response to P nutrition,
but might have a similar fate as in Pavlovian conditioning, where the original stimulus
need not be present any more to evoke a reaction.

Another possibility for plants to influence the P cycle is the hydraulic redistribution
of water. This is the redistribution of water from wet to dry soil areas via the roots,
which has been suggested to have an impact on the availability of P due to better
mobility of inorganic P in wet soil (Lambers et al. 2006). McCulley et al. (2004)
found that the concentration of extractable P was greater at depth than in the top meter
of the soil in several arid and semi-arid systems in the southwestern USA and that
nutrients were uplifted from this depth. They proposed that hydraulic redistribution
of water from the soil surface to depths up to 10 m by roots was the mechanism by
which P and other nutrients were mobilized and could be taken up by plants.

Thus, plants have a range of possibilities to influence the total P pool and the
availability of P directly or via symbionts. The influence of plant species on
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P concentration can be seen clearly in cases of invasive species. These have in
several studies been shown to affect P turnover rates. For example, Centaurea
maculosa, an invasive forb in Montana grasslands, was more efficient in P uptake
than native species, but also apparently increased P availability in invaded fields
(Thorpe et al. 2006). The same was found for S. gigantea in Belgium: It increased
the concentrations of labile soil P in summer, probably by enhancing mineralization
(Chapuis-Lardy et al. 2006). An increased P concentration in belowground organs
was found in plots invaded by S. gigantea in autumn. This could lead to easily
mineralizable root debris in spring and may have caused the higher content of plant-
available P in the invaded stands (Herr et al. 2007).

6.3 P and Phytodiversity

Highest plant diversity has often been found to be correlated with low P availability
(Table 6.1). Different shapes of this relationship have been found, e.g., linear or
hump-backed shapes. The form of these shapes seems to be independent of the
overall amount of P in the soil. However, comparison between different studies is
hindered by different methods of P extraction as well as different units. In the

Table 6.1 Literature overview of the relation between species richness and P concentration

Relation species

Habitat

richness to P

P concentration

Reference

Old permanent
grassland, Western
and Central Europe

Alpine meadows, Italy

Grassland or related
vegetation in
environmentally
sensitive areas, GB

Arable field
boundaries, Finland

Park Grass Experiment,
England

Low-productive
grassland, Germany

Negative (hump-
backed, optimum
at approx. 30 mg
kg™)

Negative (linear)

Negative (hump-
backed, optimum

at4-15mgPL™)

Negative (linear)

Negative

Negative

Soil extractable P
(acetate-EDTA) 0-350
mg kg™'

Soil extractable P (Olsen)
13-155 mg kg™!

Soil extractable P (Olsen)
1-85 mg L!

Soil extractable P (acid-
ammonium-acetate)
2.95-12.21 mg L'

Fertilization with or
without 35 kg P ha! in
combination with other
nutrients since 1856

Fertilization with
or without 80
kg P annually in
combination with other
nutrients since 1941

Janssens et al.
(1998)

Marini et al.
(2007)
Critchley
et al.
(2002)

Ma (2005)

Crawley et al.
(2005)

Hejecman
et al.
(2007a)

(continued)
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N. Wrage et al.

Relation species

Habitat richness to P P concentration Reference
Semi-natural and urban ~ Negative Log soil extractable P McCrea et al.
meadows, England (Truog’s) 0.15-1.35 (2004)
Mesotrophic grassland, =~ Negative (not Soil extractable P Aerts et al.

Netherlands significant) (ammonium lactate) (2003)
12.4-281 mg kg™
(means), biomass N/P
ratios: between 4.5 and
15.9 (means)
Open, grassy woodlands, Negative Soil extractable P Dorrough
Australia (Colwell) 10 — 45 mg et al.
kg™! (means) (2006)
Wet meadows and fens,  Negative correlation Soil extractable P Olde
The Netherlands, with endangered (ammonium acetic-acid Venterink
Belgium species lactic-acid) 1.3-4.1¢g et al.
m~ (means) (2001)
Herbaceous terrestrial Sites with intermediate Plant biomass N/P ratios: Wassen et al.
ecosystems across N/P ratios most between 2 and 60 (2005)
Eurasia species-rich
(hump-backed),
negative
correlation with
endangered species
Degraded broad-leaf Positive correlation for Soil extractable P Fu et al.
forest, China trees and shrubs, (ammonium carbonate) (2004)

Mediterranean dwarf-
shrub community,
Israel

Fens and wet grasslands,
Europe and USA

Grassland, New Zealand

Salt marsh, New
England

negative for forbs

No effect on total
richness, but
positive correlation
with annual
legumes

Plots with high N/P
ratio more
species-poor than
those with low N/P
ratios

No clear relation

Positive relation

9.85 - 13.33 ppm
(means)

Fertilization with 0, 4.5

or9 g Pm™in 1988,
measurements between
1989 and 1993

Plant biomass N/P ratios:

between 4 and 36, plant

P concentrations 0.5-4
mg g

Soil P (method not
specified) 741 ppm

Soil extractable P (acetic
acid, ammonium
hydroxide) 15-23 mg
kg! soil (means)

Henkin et al.
(2006)

Giisewell
et al.
(2005)

White et al.
(2004)

Theodose
and Roths
(1999)

following, we will discuss the impact of P on phytodiversity compared to the influ-

ence of other nutrients.

According to the law of the minimum, P should only influence the growth and
competitive strength of plants if it is the limiting factor. The niche dimension
hypothesis predicts that a larger number of limiting resources in a habitat leads to
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a larger number of coexisting species. The prediction was consistent with experi-
mental results and developments in the Park Grass Experiment (Harpole and
Tilman 2007). For the often found importance of P limitation for phytodiversity,
this could mean that (a) P limitation is often coupled to limitation of other
resources. This was for example the case in the studies of a degraded broad-leaved
forest in China (Fu et al. 2004), where P limitation was coupled to low potassium
concentrations, and of continuously or rotationally grazed pastures in New
Zealand (White et al. 2004), where the availability of all nutrients was generally
correlated. However, it could also mean that (b) P is the main limiting resource in
the examined habitats, so that it controls the dimension of the niche to a large
extent. In many habitats, N deposition has reduced the former importance of N
limitation. In a meta-analysis of recently published studies, Elser et al. (2007) have
shown that N and P limitation are equally important in terrestrial systems, inde-
pendent of the latitude. An increasing importance of P limitation could increase
the correlation between P concentration and the total extent of the niche (Fig. 6.2).
Furthermore, habitats with sufficient P but low N availability may promote the
growth and N fixing of legumes, leading to higher N concentrations (Almeida
et al. 2000; Saber et al. 2005).

Giisewell (2004) has pointed out that interspecific competition in P-limited habitats
might be less than that in N-limited ones, so that species’ coexistence could be
favored under P limitation. For example, there are several forms of P in soils, so
that different species can exploit distinct P pools (van Ray and van Diest 1979;
Haynes 1992; Nuruzzaman et al. 2006). We have already seen that plant species

@ N-limited G P-limited % K-limited

Fig. 6.2 (a) Niche dimension of a habitat that is co-limited by nitrogen (N), phosphorus (P), and
potassium (K), and (b) niche dimension of the same habitat after N addition. The different shapes
indicate soil areas that are limited by N, P, or K. If one nutrient is added, e.g., N by N deposition,
the total soil area with limiting amounts of one or more nutrients for plant growth becomes
smaller. The habitat becomes more uniform and may offer less niches for plants to coexist
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have various adaptations to low-P environments. As they differ in their efficiency
of P uptake, species with different adaptations will colonize distinct niches. In
Western Australia, species with cluster roots are generally found on spots with lowest
P concentrations and those with mycorrhiza on intermediately P-rich soils (Lambers
et al. 2006). Klironomos et al. (2000) proposed a generalized niche model similar
to the one by Tilman et al. (1997), with two resources limiting species abundance,
but including mycorrhizal fungi. It became clear that mycorrhiza may be able to
expand the range covered by plant species, since they can access more soil
resources. That will affect the outcome of competition between plants as well as plant
community diversity (van der Heijden et al. 1998a, b; Klironomos et al. 2000).

Coexistence of species may also be enabled by facilitated nutrient uptake of one
species due to the presence of another species. Thus, in silvopastoral systems with
combined over and understorey species, P availability for one species can be
affected by the other (Scott and Condron 2003). Gillespie and Pope (1989) found
that P uptake by black walnut (Juglans nigra) was larger when grown with alfalfa
(Medicago sativa) than with other walnuts, black locust (Robinia pseudoacacia) or
orchard grass (Dactylis glomerata). They attributed this to acidification of the root
zone during N, fixation by alfalfa, which solubilized P. Different rooting depths can
also help to reduce competition between species (Jackson et al. 2000). Although
roots of the same species generally avoid contact, intertwining of different species
has been observed, especially of legumes and nonlegumes (Gardner and Boundy
1983). Furthermore, transfer of N and P between coexisting plants has been
observed (Hggh-Jensen and Schjoerring 2000). For P, it has been shown to occur
via connecting mycorrhizal hyphae (Whittingham and Read 1982).

Different life history strategies of plants also interact with their reaction to and
influence on P availability. The plant strategy types according to Grime (2001) have
been suggested to differ in their requirements of P and N/P ratios (Giisewell 2004).
Stress-tolerant (S) and competitive (C)/stress-tolerant species have low P and high
N/P requirements, while ruderal (R) and mixed strategists (CSR) have high P and
low N:P requirements. This is consistent with results by Hill et al. (2005) in exten-
sive grazing systems. It also fits the finding that during succession, ecosystems are
first N and later P limited (Verhoeven et al. 1996), as they would first be colonized
by ruderals, which are later replaced by competitive and stress-tolerant species.
Against this background, lower diversity in P-rich systems could be explained by
the quick growth of R strategists, leading to competitive exclusion of other species.
However, Hill et al. (2005) also pointed out that the relation between plant strategy
types and nutrients did not hold in intensive grazing systems, where tolerance or
avoidance of grazing became the most crucial plant traits for survival.

Halsted and Lynch (1996) examined the reaction of C, and C, species to P
limitation. They could not find different reactions between C, and C, species, but
concluded that monocots can better cope with P stress than dicots due to contrasting
allocation of P and biomass. Combined with the finding that graminoids are
favored by N applications more than dicots (Falkengren-Grerup 1998) and usually
have a larger N/P ratio (Giisewell 2004), graminoids may grow better in P-limited
conditions rich in N (Fig. 6.3). Systems both high in N and P are dominated by
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P concentration

N concentration

Fig. 6.3 Conceptual drawing of the distribution of different groups of herbaceous plants in relation
to major plant nutrients. Cycles represent the distribution of grasses, herbs, and legumes. Species
with mycorrhiza are able to exploit sites low in both nitrogen (N) and phosphorus (P). Highly
productive species, such as ruderal plants, need conditions abundant in N and P.

fast-growing species that are very productive, usually grasses. Species-rich systems
are often dominated by forbs (Willems and van Nieuwstadt 1996; Theodose and
Roths 1999). As these prefer habitats with lower N/P ratios (Giisewell 2004), this
could be another explanation for the often found relation between species richness
and P availability.

To sum up, there are several possible explanations for interactions between
P and phytodiversity:

1. P determines the size of the niche because
(a) P is the main limiting resource in the system
(b) P limitation is coupled to other limiting resources
(c) P-rich systems favor growth of legumes, leading to an increase in N, another
nutrient often determining the niche size
2. P-limited habitats have lower interspecific competition than N-limited ones due to:
(a) A range of available P forms that may be exploited by different species
(b) Favoring of stress-tolerant rather than ruderal species in low-P environments
(c) Larger restriction of the growth of grasses than of forbs in habitats with low
N/P ratios

Thus, P may not have a larger impact on phytodiversity than other nutrients per
se, but can gain it due to its availability relative to other resources. This explains
also why the relation between P and phytodiversity may be overruled easily by
other factors, e.g., management factors like heavy grazing (Hill et al. 2005;
Dorrough et al. 2006) or environmental factors like soil salinity (Theodose and
Roths 1999).
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6.4 Implications of Climate Change for Future Developments
of Phytodiversity

One of the major future challenges affecting phytodiversity is climate change. In
the following, we will discuss current knowledge concerning the influence of
climate change on plant species richness via effects on nutrient availabilities and
invasive species.

Table 6.2 shows an overview of recent studies on implications of the aspects of
climate change on P cycling. It becomes obvious that increasing temperatures tend
to increase the rate of P cycling, more precipitation seems to decrease P availability,
and increased CO, concentration has no direct effect on P cycling. Simulated
increased N deposition increased phosphatase activities and P uptake (Table 6.2).
In a study of effects of warming, moisture, CO2 concentration, and N deposition on
P cycling, the effect of N deposition was found to have a larger impact than effects
of the other tested factors (Menge and Field 2007). This is crucial with respect to
global warming, since Rustad et al. (2001) have shown in a meta-analysis that
increasing temperatures by 0.3— 6.0°C at 32 research sites (~35-79°N latitude, one
at 45°S latitude) increased N mineralization by 46% on average. Turner et al.
(2003) showed that soil with a long history of N deposition in northern England had
low P concentrations and most P was in the form of relatively stable organic P.

Thus, with respect to global warming, where increases in temperature, the inci-
dence of heat waves and heavy rainfall events are likely (IPCC 2007), and N min-
eralization is probably increased (Rustad et al. 2001), the availability of P may be
increased by higher phosphatase activity and higher plant demand, but losses by
leaching or erosion also become more probable. This could at first mean a higher P
availability and quicker P cycling, but in the long run lead to mining of soil P, espe-
cially if the finding that increased temperatures decreased P in plant litter (Sardans
et al. 20006) is valid widely.

The outlined nutrient developments due to global warming would mean that in
most unfertilized soils, a development might take place first towards more nutrient-rich
conditions (up and to the right on Fig. 6.3), but later towards more nutrient-limited
conditions, i.e., down and maybe to the left in Fig. 6.3, depending on the ratio between
increased N mineralization and N losses. Increasing nutrient availability would favor
R strategists and highly-productive, quickly growing species. Later, decreasing P avail-
ability may potentially lead to increasing phytodiversity. If N availability also
decreases, e.g., due to larger N losses, an increase in plant diversity could take place,
if seed occurrence and other requirements are met. If N availability stays high, so that
the N/P ratio increases, graminoids may be favored (Falkengren-Grerup 1998), which
may lead to decreased diversity (Glisewell 2004). In a grassland experiment, 3 years
of elevated temperatures increased forb production and abundance, but only insignifi-
cantly increased species numbers of grasses and forbs (Zavaleta et al. 2003). The soil
N and P pools or phosphatase activities were unfortunately not measured.

Climate change leads to shifts of species’ distribution ranges towards the
poles (Parmesan and Yohe 2003) and influences the success of invasive species.
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As outlined above, invasive species also have an effect on the P cycle. This will not
only affect their own competitive behavior, but also that of the species surrounding
them. So far, no studies have investigated indirect effects of invasive species on
surrounding vegetation via changes in P cycling. However, increased P availability
following establishment of invasive species will favor fast-growing graminoid spe-
cies and lead to a decrease of plant diversity on the short term.

Thus, the trends due to global changes all lead to a decreased diversity of plant
communities in the near future. They also cause a mining of nutrients from the soil,
leading to decreased fertility in the long run. This may then allow a recovery of
plant diversity, provided that enough species are still present in the seed banks or
can colonize from nearby sites. At the same time, decreased soil fertility also
reduces productivity. As increased phytodiversity can be positively related with
biomass production under experimental conditions at fixed nutrient availability
(Hector et al. 1999; Bullock et al. 2001; van Ruijven and Berendse 2003; Dodd
et al. 2004), it could become a management tool in the future, especially when
resources for mineral fertilizers become limited. Prognoses suggest that the global
P reserves would support the current rate of application for about 100 — 470 years
(Smil 2000; Syers et al. 2008).

To sum up, changes in N and P availability due to climate change may first lead
to decreasing phytodiversity (with increasing productivity). Later, the trend may
reverse due to mining of soil P resources. However, long-term studies have shown
that biodiversity takes a long time to recover from nutrient additions, especially
from P additions (Hejcman et al. 2007b). Thus, measures should be taken to prevent
increased P availability in soils of unfertilized systems in relation to other factors
influencing plant growth and competitive strength as far as possible.

6.5 Conclusion

To increase sustainability of agriculture, plants’ adaptations to low P concentrations
in soils should be taken better advantage of. With rising prices for P fertilizers, the
use of P-solubilizing microorganisms and mycorrhiza and the breeding of cultivars
with adapted root systems or exudation strategies are possible tools in maintaining
or increasing productivity.

Past and present large inputs of P in agricultural systems lead to problems such as
eutrophication and loss of biodiversity. P is probably not per se more significant for
plant diversity than other nutrients. However, as a relevant limiting nutrient, it often
(co-) determines the niches enabling species to grow. When P availability increases,
plant diversity therefore often decreases. With global warming, P and N mineraliza-
tion are stimulated. As both temperature and the amount of N have positive direct
and indirect effects on soil P availability, global warming threatens phytodiversity via
enhanced P availability. The effects of global warming on soil nutrients might
lead to better conditions for fast-growing competitive and ruderal species, but in
the longer run also to P mining. This could allow plant diversity to improve again.
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However, long-term studies show that recovery of plant diversity may take a long
time, especially after P addition, so that prevention of diversity loss due to
increased P concentrations in the soil is preferable to later restoration measures.
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