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Agroecology Scaling Up for Food Sovereignty
and Resiliency

Miguel A. Altieri and C.I. Nicholls

Abstract The Green Revolution not only failed to ensure safe and abundant food
production for all people, but it was launched under the assumptions that abundant
water and cheap energy to fuel modern agriculture would always be available and
that climate would be stable and not change. In some of the major grain production
areas the rate of increase in cereal yields is declining as actual crop yields approach
a ceiling for maximal yield potential. Due to lack of ecological regulation mecha-
nisms, monocultures are heavily dependent on pesticides. In the past 50 years the
use of pesticides has increased dramatically worldwide and now amounts to some
2.6 million tons of pesticides per year with an annual value in the global market of
more than US$ 25 billion. Today there are about one billion hungry people in the
planet, but hunger is caused by poverty and inequality, not scarcity due to lack of
production. The world already produces enough food to feed nine to ten billion
people, the population peak expected by 2050. There is no doubt that humanity
needs an alternative agricultural development paradigm, one that encourages more
ecologically, biodiverse, resilient, sustainable and socially just forms of agriculture.
The basis for such new systems are the myriad of ecologically based agricultural
styles developed by at least 75% of the 1.5 billion smallholders, family farmers and
indigenous people on 350 million small farms which account for no less than 50%
of the global agricultural output for domestic consumption.

This position paper draws from material used in the paper “It is possible to feed the world by
scaling up agroecology” written by Miguel A Altieri for the Ecumenical Advocacy Alliance,
May 2012.
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As an applied science, agroecology uses ecological concepts and principles for
the design and management of sustainable agroecosystems where external inputs
are replaced by natural processes such as natural soil fertility and biological control.
The global south has the agroecological potential to produce enough food on a global
per capita basis to sustain the current human population, and potentially an even larger
population, without increasing the agricultural land base.

Keywords Agroecology ¢ Organic farming ¢ Food security * Industrial agriculture
» World hunger ¢ Peasant agriculture

1 Why Industrial Agriculture Is No Longer Viable?

The Green Revolution, the symbol of agricultural intensification not only failed to
ensure safe and abundant food production for all people, but it was launched under
the assumptions that abundant water and cheap energy to fuel modern agriculture
would always be available and that climate would be stable and not change.
Agrochemicals, fuel-based mechanization and irrigation operations, the heart of
industrial agriculture, are derived entirely from dwindling and ever more expensive
fossil fuels. Climate extremes are becoming more frequent and violent and threaten
genetically homogeneous modern monocultures now covering 80% of the 1,500
million hectares of global arable land. Moreover industrial agriculture contributes
with about 25-30% of greenhouse gas (GHG) emissions, further altering weather
patterns thus compromising the world’s capacity to produce food in the future.
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Fig.1 The law of diminishing returns: more inputs, less yields

1.1 The Ecological Footprint of Industrial Agriculture

In some of the major grain production areas of the world, the rate of increase in
cereal yields is declining as actual crop yields approach a ceiling for maximal yield
potential (Fig. 1). When the petroleum dependence and the ecological footprint of
industrial agriculture are accounted for, serious questions emerge about the social,
economic and environmental sustainability of modern agricultural strategies. Inten-
sification of agriculture via the use of high-yielding crop varieties, fertilization,
irrigation and pesticides impact heavily on natural resources with serious health and
environmental implications. It has been estimated that the external costs of UK
agriculture, to be at least 1.5-2 billion pounds each year. Using a similar framework
of analysis the external costs in the US amount to nearly 13 billion pounds per year,
arising from damage to water resources, soils, air, wildlife and biodiversity, and
harm to human health. Additional annual costs of USD 3.7 billion arise from agency
costs associated with programs to address these problems or encourage a transition
towards more sustainable systems. The US pride about cheap food, is an illusion:
consumers pay for food well beyond the grocery store.

http://www.agron.iastate.edu/courses/agron5 1 5/eatearth.pdf

Due to lack of ecological regulation mechanisms, monocultures are heavily
dependent on pesticides. In the past 50 years the use of pesticides has increased
dramatically worldwide and now amounts to some 2.6 million tons of pesticides per
year with an annual value in the global market of more than US$25 billion. In the


http://www.agron.iastate.edu/courses/agron515/eatearth.pdf
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Fig. 2 The rapid development of resistance to pesticides by insects, pathogens and weeds

US alone, 324 million kg of 600 different types of pesticides are used annually with
indirect environmental (impacts on wildlife, pollinators, natural enemies, fisheries,
water quality, etc.) and social costs (human poisoning and illnesses) reaching about
$8 billion each year. On top of this, 540 species of arthropods have developed
resistance against more than 1,000 different types of pesticides, which have been
rendered useless to control such pests chemically (Fig. 2).

http://ipm.ncsu.edu/safety/factsheets/resistan.pdf

Although there are many unanswered questions regarding the impact of the
release of transgenic plants into the environment which already occupy >180 mil-
lion hectares worldwide, it is expected that biotech crops will exacerbate the prob-
lems of conventional agriculture and, by promoting monoculture, will also undermine
ecological methods of farming. Transgenic crops developed for pest control empha-
size the use of a single control mechanism, which has proven to fail over and over
again with insects, pathogens and weeds. Thus transgenic crops are likely to increase
the use of pesticides as a result of accelerated evolution of ‘super weeds’ and resis-
tant insect pest strains. Transgenic crops also affect soil fauna potentially upsetting
key soil processes such as nutrient cycling. Unwanted gene flow from transgenic
crops may compromise via genetic pollution crop biodiversity (i.e. maize) in centers
of origin and domestication and therefore affect the associated systems of agricul-
tural knowledge and practice along with the millenary ecological and evolutionary
processes involved.

http://www.colby.edu/biology/BI402B/Altieri%202000.pdf

1.2 Agribusiness and World Hunger

Today there are about one billion hungry people in the planet, but hunger is caused
by poverty (1/3 of the planet’s population makes less than $2 a day) and inequality
(lack of access to land, seeds, etc.), not scarcity due to lack of production. The world
already produces enough food to feed nine to ten billion people, the population peak
expected by 2050. The bulk of industrially produced grain crops goes to biofuels


http://ipm.ncsu.edu/safety/factsheets/resistan.pdf
http://www.colby.edu/biology/BI402B/Altieri%202000.pdf
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and confined animals. Therefore the call to double food production by 2050 only
applies if we continue to prioritize the growing population of livestock and automo-
biles over hungry people. Overly simplistic analyses in support of industrialized
agriculture cite high yields and calculations of total food supply to illustrate its
potential to alleviate hunger. However, it has been long understood that yields are a
necessary but not sufficient condition to meeting people’s food needs (Lappe et al.
1998). Seventy eight percent of all malnourished children under five who live in the
Third World are in countries with food surpluses. There is already an abundant sup-
ply of food even while hunger grows worldwide. It is not supply that is the crucial
factor, but distribution — whether people have sufficient “entitlements” through land,
income, or support networks to secure a healthy diet. Rather than helping, too much
food can actually add to hunger by undercutting prices and destroying the economic
viability of local agricultural systems. Farmers are not able to sell their produce in a
way that allows them to cover costs, and so food may rot in the fields while people
go hungry (Holt Gimenez and Patel 2009).

In addition roughly one-third of food produced for human consumption is wasted
globally, which amounts to about 1.3 billion tons per year, enough to feed the entire
African continent. Most of this food is wasted by consumers in Europe and North-
America is 95-115 kg/year/per capita while this figure in Sub-Saharan Africa and
South/Southeast Asia is only 611 kg/year.

http://www.fao.org/fileadmin/user_upload/ags/publications/GFL_web.pdf

1.3 The Concentration of Global Food Production

Solutions to hunger and food supply need to take into account distribution of food
and access to income, land, seeds and other resources. Industrial agriculture has
accelerated land and resource concentration in the hands of a few undermining the
possibility of addressing the root causes of hunger (Lappe et al. 1998). The con-
centration of global food production under the control of a few transnational


http://www.fao.org/fileadmin/user_upload/ags/publications/GFL_web.pdf
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corporations, bolstered by free trade agreements, structural adjustment policies,
and subsidies for the overproduction of crop commodities, has created North-South
food trade imbalances and import dependencies that underlie a growing food inse-
curity in many countries. Production of cash crop exports in exchange for food
imports and the expansion of biofuels can undermine food self-sufficiency and
threaten local ecosystems. This situation is aggravated by food insecure govern-
ments including China, Saudi Arabia and South Korea that rely on imports to feed
their people which are snatching up vast areas of farmland (>80 millions hectares
already transacted) abroad for their own offshore food production. Food corpora-
tions and private investors, hungry for profits in the midst of the deepening financial
crisis, see investment in foreign farmland as an important new source of revenue
from the production of biomass.
http://www.grain.org/bulletin_board/tags/221-land grabbing

2 Peasant Agriculture: The Basis for the New Twenty-first
Century Agriculture

There is no doubt that humanity needs an alternative agricultural development para-
digm, one that encourages more ecologically, biodiverse, resilient, sustainable and
socially just forms of agriculture. The basis for such new systems are the myriad of
ecologically based agricultural styles developed by at least 75% of the 1.5 billion
smallholders, family farmers and indigenous people on 350 million small farms
which account for no less than 50% of the global agricultural output for domestic
consumption (ETC 2009). Most of the food consumed today in the world is derived
from 5,000 domesticated crop species and 1.9 million peasant-bred plant varieties
mostly grown without agrochemicals (ETC 2009). Industrial agriculture threatens
this crop diversity through the replacement of native varieties with hybrid strains
and the contamination of crop and wild species from the introduction of genetically
modified organisms. As the global food supply relies on a diminishing variety
of crops, it becomes vulnerable to pest outbreaks, the breeding of superbugs, and
climate disruptions.



http://www.grain.org/bulletin_board/tags/221-<2010>land-<2010>grabbing
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In Brazil there are about 4.8 million traditional family farmers (about 85% of the
total number of farmers) that occupy 30% of the total agricultural land of the country.
Such family farms control about 33% of the area sown to maize, 61% of that under
beans, and 64% of that planted to cassava, thus producing 84% of the total cassava
and 67% of all beans. Smallholder farmers in India possessing on average 2 ha of
land each, make up about 78% of the country’s farmers while owning only 33% of
the land, but responsible for 41% of national grain production. Their contribution
to both household food security and to farm outputs is thus disproportionately high
(Via Campesina 2010).

The majority of the world’s peasant farmers tend small diversified farming systems
which offer promising models for promoting biodiversity, conserving natural
resources, sustaining yield without agrochemicals, providing ecological services
and remarkable lessons about resiliency in the face of continuous environmental
and economic change. For these reasons most agroecologists acknowledge that
traditional agroecosytems have the potential to bring solutions to many uncertainties
facing humanity in a peak oil era of global climate change and financial crisis
(Altieri 2004; Toledo and Barrera- Bassols 2009). Undoubtedly, the ensemble of
traditional crop management practices used by many resource-poor farmers which
fit well to local conditions and can lead to the conservation and regeneration of the
natural resource base represents a rich resource for modern workers seeking to create
novel agroecosystems well adapted to the local agroecological and socioeconomic
circumstances of smallholders.

Peasant practices and techniques tend to be knowledge-intensive rather than input-
intensive, but clearly not all are effective or applicable, therefore modifications and
adaptations may be necessary and this is where agroecology has played a key role in
revitalizing the productivity of small farming systems (Altieri et al. 1998). Since the
1980s thousands of projects launched by non-governmental organisations (NGO),
farmers organizations and some University and research centers reaching hundreds of
thousands of farmers, have applied general agroecological principles to customize agri-
cultural technologies to local needs and circumstances, improving yields while con-
serving natural resources and biodiversity. The conventional technology transfer model
breaks down in peasant regions as it is top down and based on a magic-bullet technol-
ogy transfer approach incapable of understanding that new agroecological systems
require peoples’ participation and need to be tailored and adapted in a site-specific way
to highly variable and diverse farm conditions (Uphoff 2002).
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3 How Is the International Community Reacting?

The solutions for smallholder agriculture advocated by big bilateral donors, govern-
ments and the initiatives of private foundations have tended to center around the pro-
motion of synthetic fertilizers and pesticides, which are costly for farmers and often
resource depleting. This drive for a new ‘Green Revolution’ as exemplified by the
Alliance for a Green Revolution in Africa (AGRA) has tended to sideline more sus-
tainable, farmer led approaches. Others [(CGIAR 2012, recent sustainable
intensification report of FAO- (http://www.fao.org/agriculture/crops/core-themes/
theme/spi/scpi-home/framework/sustainable-intensification-in-fao/en/), latest report
of the expert Montpellier Panel - (https://workspace.imperial.ac.uk/africanagricultur-
aldevelopment/Public/Montpellier%20Panel %20Report%202012.pdf)] have tried to
co-opt agroecology by stating that it is an option that can be practiced along with other
approaches such as transgenic crops, conservation farming, microdosing of fertilisers
and herbicides, and integrated pest management. Of course in this way the term agro-
ecology would be rendered meaningless, like sustainable agriculture, a concept devoid
of meaning, and divorced from the reality of farmers, the politics of food and of the
environment. As a science however, agroecology provides the productive basis for
rural movements that promote food sovereignty and confront head on the root causes
that perpetuate hunger, therefore it cannot be appropriated by conventional institu-
tions. Agroecology does not need to be combined with other approaches. Without the
need of hybrids and external agrochemical inputs, it has consistently proven capable
of sustainably increasing productivity and has far greater potential for fighting hunger,
particularly during economic and climatically uncertain times, which in many areas
are becoming the norm (Altieri et al. 2011b).



http://(http://www.fao.org/agriculture/crops/core-themes/theme/spi/scpi-home/framework/sustainable-intensification-in-fao/en/)
http://(http://www.fao.org/agriculture/crops/core-themes/theme/spi/scpi-home/framework/sustainable-intensification-in-fao/en/)
http://(https://workspace.imperial.ac.uk/africanagriculturaldevelopment/Public/Montpellier%20Panel%20Report%202012.pdf)
http://(https://workspace.imperial.ac.uk/africanagriculturaldevelopment/Public/Montpellier%20Panel%20Report%202012.pdf)
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Despite these co-opting attempts, the realization of the contribution of peasant
agriculture to food security in the midst of scenarios of climate change, economic and
energy crisis led to the concepts of food sovereignty and agroecology to gain much
worldwide attention in the last two decades. Two recent major international reports
(TAASTD 2009; de Schutter 2010) state that in order to feed nine billion people in
2050, we urgently need to adopt the most efficient farming systems and recommend for
afundamental shift towards agroecology as a way to boost food production and improve
the situation of the poorest. Both reports based on broad consultations with scientists
and extensive literature reviews contend that small-scale farmers can double food pro-
duction within 10 years in critical regions by using agroecological methods already
available. The future food challenge should be met using environmentally friendly and
socially equitable technologies and methods, in a world with a shrinking arable land base
(which is also being diverted to produce biofuels), with less and more expensive petro-
leum, increasingly limited supplies of water and nitrogen, and within a scenario of a
rapidly changing climate, social unrest and economic uncertainty (Godfray et al. 2010).
The only agricultural systems that will be able to confront future challenges are agro-
ecological systems that exhibit high levels of diversity, integration, efficiency, resil-
iency and productivity (Holt Gimenez and Patel 2009).

4 What Are Agroecological Production Systems?

As an applied science, agroecology uses ecological concepts and principles for
the design and management of sustainable agroecosystems where external
inputs are replaced by natural processes such as natural soil fertility and bio-
logical control (Altieri 1995). Agroecology takes greater advantage of natural
processes and beneficial on-farm interactions in order to reduce off-farm input
use and to improve the efficiency of farming systems. Agroecological principles
used in the design and management of agroecosystems (Table 1) enhances the

Table 1 Agroecological principles for the design of biodiverse, energy efficient, resource-conserving
and resilient farming systems

Enhance the recycling of biomass, with a view to optimizing organic matter decomposition and
nutrient cycling over time

Strengthen the “immune system” of agricultural systems through enhancement of functional
biodiversity — natural enemies, antagonists, etc.

Provide the most favorable soil conditions for plant growth, particularly by managing organic
matter and by enhancing soil biological activity

Minimize losses of energy, water, nutrients and genetic resources by enhancing conservation and
regeneration of soil and water resources and agrobiodiversity

Diversify species and genetic resources in the agroecosystem over time and space at the field and
landscape level

Enhance beneficial biological interactions and synergies among the components of agrobiodiversity,
thereby promoting key ecological processes and services.
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functional biodiversity of agroecosystems which is integral to the maintenance
of immune, metabolic and regulatory processes key for agroecosystem function
(Gliessman 1998).

Agroecological principles take different technological forms depending on the bio-
physical and socioeconomic circumstances of each farmer or region. A key principle
of agroecology is the diversification of farming systems promoting mixtures of crop
varieties, intercropping systems, agroforestry systems, livestock integration, etc.
which potentiate the positive effects of biodiversity on productivity derived from the
increasing effects of complementarity between plant-animal species translated in bet-
ter use of sunlight, water, soil resources and natural regulation of pest populations.
Promoted diversification schemes (Box 1) are multi-functional as their adoption usu-
ally means favorable changes in various components of the farming systems at the
same time (Gliessman 1998). In other words they function as an “ecological turnta-
ble” by activating key processes such as recycling, biological control, antagonisms,
allelopathy, etc., essential for the sustainability and productivity of agroecosystems.
Agroecological systems are not intensive in the use of capital, labor, or chemical
inputs, but rather rely on the efficiency of biological processes such as photosynthesis,
nitrogen fixation, solubilization of soil phosphorus, and the enhancement of biological
activity above and below ground. The “inputs” of the system are the natural processes
themselves, this is why agroecology is referred to as an “agriculture of processes”.

When designed and managed with agroecological principles, farming systems
exhibit attributes of diversity, productivity, resilience and efficiency. Agroecological
initiatives aim at transforming industrial agriculture partly by transitioning the exist-
ing food systems away from fossil fuel-based production largely for agroexport
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Box 1 Temporal and Spatial Designs of Diversified Farming Systems and
Their Main Agroecological Effects (Altieri 1995; Gliessman 1998)

Crop Rotations: Temporal diversity in the form of cereal-legume sequences.
Nutrients are conserved and provided from one season to the next, and the life
cycles of insect pests, diseases, and weeds are interrupted.

Polycultures: Cropping systems in which two or more crop species are
planted within certain spatial proximity result in biological complementarities
that improve nutrient use efficiency and pest regulation thus enhancing crop
yield stability.

Agroforestry Systems: Trees grown together with annual crops in addition to
modifying the microclimate, maintain and improve soil fertility as some trees
contribute to nitrogen fixation and nutrient uptake from deep soil horizons
while their litter helps replenish soil nutrients, maintain organic matter, and
support complex soil food webs.

Cover Crops and Mulching: The use of pure or mixed stands of grass-
legumes e.g., under fruit trees can reduce erosion and provide nutrients to
the soil and enhance biological control of pests. Flattening cover crop mix-
tures on the soil surface in conservation farming is a strategy to reduce soil
erosion and lower fluctuations in soil moisture and temperature, improve
soil quality, and enhance weed suppression resulting in better crop
performance.

Crop- livestock mixtures: High biomass output and optimal nutrient recy-
cling can be achieved through crop- animal integration. Animal production
that integrates fodder shrubs planted at high densities, intercropped with
improved, highly-productive pastures and timber trees all combined in a sys-
tem that can be directly grazed by livestock enhances total productivity with-
out need of external inputs.

crops and biofuels towards an alternative agricultural paradigm that encourages
local/national food production by small and family farmers based on local innova-
tion, resources and solar energy. This implies access of peasants to land, seeds,
water, credit and local markets, partly through the creation of supportive economic
policies, financial incentives, market opportunities and agroecological technologies
(Via Campesina 2010). Agroecological systems are deeply rooted in the ecological
rationale of traditional small-scale agriculture, representing long established exam-
ples of successful agricultural systems characterized by a tremendous diversity of
domesticated crop and animal species maintained and enhanced by ingenuous soil,
water and biodiversity management regimes, nourished by complex traditional
knowledge systems (Koohatkan and Altieri 2010).
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5 How Does Agroecology Differ from Other Alternative
Agricultural Approaches?

Organic agriculture is practiced in almost all countries of the world, and its share of
agricultural land and farms is growing, reaching a certified area of more than 30
million hectares globally. Organic farming is a production system that sustains agri-
cultural productivity by avoiding or largely excluding synthetic fertilizers and pes-
ticides. FIBL scientists in Central Europe conducted a 21-year study of the agronomic
and ecological performance of organic, and conventional farming systems. They
found crop yields to be 20% lower in the organic systems, although input of fertil-
izer and energy was reduced by 31-53% and pesticide input by 98%. Researchers
concluded that the enhanced soil fertility and higher biodiversity found in organic
plots rendered these systems less dependent on external inputs. When practiced
based on agroecological principles organic practices buildup of soil organic matter
and soil biota, — minimize pest, disease and weed damage, conserve soil, water, and
biodiversity resources, promote long-term agricultural productivity with produce of
optimal nutritional value and quality. http://www.fibl.org/en.html

Organic farming systems managed as monocultures that are in turn dependent on
external biological and/or botanical (i.e. organic) inputs are not based on agroeco-
logical principles. This ‘input substitution’ approach essentially follows the same
paradigm of conventional farming: that is, overcoming the limiting factor but this
time with biological or organic inputs. Many of these “alternative inputs” have
become commodified, therefore farmers continue to be dependent on input suppliers,
cooperative or corporate (Rosset and Altieri 1997). Agroecologists argue that
organic farming systems that do not challenge the monoculture nature of plantations
and rely on external inputs as well as on foreign and expensive certification seals, or
fair-trade systems destined only for agro-export, offer little to small farmers who in
turn become dependent on external inputs and foreign and volatile markets. By
keeping farmers dependent on an input substitution approach, organic agriculture’s
fine-tuning of input use does little to move farmers toward the productive redesign
of agricultural ecosystems that would move them away from dependence on external
inputs. Niche (organic and/or fair trade) markets for the rich in the North exhibit the
same problems of any agro-export scheme that does not prioritize food sovereignty
(defined here as ‘the right of people to produce, distribute and consume healthy food
in and near their territory in ecologically sustainable manner’), often perpetuating
dependence and at times hunger (Altieri 2010).

6 Assessing the Performance of Agroecological Projects

There are many competing visions on how to achieve new models of a biodiverse,
resilient, productive and resource efficient agriculture that humanity desperately
needs in the immediate future. Conservation (no or minimum tillage) agriculture,


http://www.fibl.org/en.html
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Box 2 Requirements of Agroecologically Based Agricultural Systems
(Koohafkan et al. 2011). GHG: greenhouse gases

1. Use of local and improved crop varieties and livestock breeds so as to
enhance genetic diversity and enhance adaptation to changing biotic and
environmental conditions.

2. Avoid the unnecessary use of agrochemical and other technologies that
adversely impact on the environment and on human health (e.g. heavy
machineries, transgenic crops, etc.)

3. Efficient use of resources (nutrients, water, energy, etc.), reduced use of
non-renewable energy and reduced farmer dependence on external inputs

4. Harness agroecological principals and processes such as nutrient cycling,
biological nitrogen fixation, allelopathy, biological control via promotion
of diversified farming systems and harnessing functional biodiversity

5. Making productive use of human capital in the form of traditional and
modern scientific knowledge and skills to innovate and the use of social
capital through recognition of cultural identity, participatory methods and
farmer networks to enhance solidarity and exchange of innovations and
technologies to resolve problems

6. Reduce the ecological footprint of production, distribution and consump-
tion practices, thereby minimizing GHG emissions and soil and water
pollution

7. Promoting practices that enhance clean water availability, carbon seques-
tration, and conservation of biodiversity, soil and water conservation, etc.

8. Enhanced adaptive capacity based on the premise that the key to coping
with rapid and unforeseeable change is to strengthen the ability to ade-
quately respond to change to sustain a balance between long-term adapt-
ability and short-term efficiency

9. Strengthen adaptive capacity and resilience of the farming system by
maintaining agroecosystem diversity, which not only allows various
responses to change, but also ensures key functions on the farm

10. Recognition and dynamic conservation of agricultural heritage systems
that allows social cohesion and a sense of pride and promote a sense of
belonging and reduce migration

sustainable intensification production, transgenic crops, organic agriculture and
agroecological systems are some of the proposed approaches, each claiming to
serve as the durable foundation for a sustainable food production strategy. Although
goals of all approaches may be similar, technologies proposed (high versus low
input) methodologies (farmer-led versus market driven, top down versus bottom-
up) and scales (large scale monocultures versus biodiverse small farms) are quite
different and often antagonistic. However when one examines the basic attributes
that a sustainable production system should exhibit (Box 2), agroecological
approaches certainly meet most of these attributes and requirements (Altieri 2002;
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Table 2 A set of guiding questions to assess if proposed agricultural systems are contributing
to sustainable livelihoods (Koohafkan et al. 2011)

Are they reducing poverty?

Are they based on rights and social equity?

Do they reduce social exclusion, particularly for women, minorities and indigenous people?

Do they protect access and rights to land, water and other natural resources?

Do they favor the redistribution (rather than the concentration) of productive resources?

Do they substantially increase food production and contribute to household food security and

improved nutrition?

7. Do they enhance families’ water access and availability?

8. Do they regenerate and conserve soil, and increase (maintain) soil fertility?

9. Do they reduce soil loss/degradation and enhance soil regeneration and conservation?

10. Do practices maintain or enhance organic matter and the biological life and biodiversity of
the soil?

11. Do they prevent pest and disease outbreaks?

12. Do they conserve and encourage agrobiodiversity?

13. Do they reduce greenhouse gas emissions?

14. Do they increase income opportunities and employment?

15. Do they reduce variation in agricultural production under climatic stress conditions?

16. Do they enhance farm diversification and resilience?

17. Do they reduce investment costs and farmers dependence on external inputs?

18. Do they increase the degree and effectiveness of farmer organizations?

19. Do they increase human capital formation?

20. Do they contribute to local/regional food sovereignty?

SNk W=

Gliessman 1998; UK Food Group 2010; Parrot and Mardsen 2002; Uphoff 2002).
Similarly by applying the set of questions listed in Table 2 to assess the potential of
agricultural interventions in addressing pressing social, economic and ecological
concerns, it is clear that most existing agroecological projects confirm that proposed
management practices are contributing to sustainable livelihoods by improving the
natural, human, social, physical and financial capital of target rural communities
(Koohafkan et al. 2011).

In order for an agricultural strategy to fit within the sustainability criteria, it must
contain the basic requirements of a viable and durable agricultural system capable
of confronting the challenges of the twenty-first century while carrying out its pro-
ductive goals within certain limits in terms of environmental impact, land degrada-
tion levels, input and energy use, GHG emissions, etc. As depicted in Fig. 3 threshold
indicators may be defined that are site or region specific, thus their values will
change according to prevailing environmental and socio- economic conditions. In
the same region, threshold value ranges may be the same for an intensive large scale
system and a low-input small scale system as yields would be measured per unit of
GHG emitted, per unit of energy or water used, per unit of N leached, etc. Without
a doubt most monoculture based systems will surpass the threshold levels and there-
fore will not be considered sustainable and unfit for food provisioning in an ecologi-
cally and socially sound manner (Koohafkan et al. 2011).
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Fig. 3 The basic requirements of a viable and durable agricultural system capable of confronting
the challenges of the twenty-first century while carrying out its productive goals within certain
thresholds established locally or regionally (Koohafkan et al. 2011)

7 The Spread and Productive/Food Security Potential
of Agroecological Systems

The first global assessment of agroecologically based projects and/or initiatives
throughout the developing world was conducted by Pretty et al. (2003) who docu-
mented clear increases in food production over some 29 million hectares, with nearly
nine million households benefiting from increased food diversity and security. Promoted
sustainable agriculture practices led to 50-100% increases in per hectare cereal pro-
duction (about 1.71 Mg per year per household — an increase of 73%) in rain-fed areas
typical of small farmers living in marginal environments; that is an area of about 3.58
million hectares, cultivated by about 4.42 million farmers. In 14 projects where root
crops were main staples (potato, sweet potato and cassava), the 146,000 farms on
542,000 ha increased household food production by 17 t per year (increase of 150%).
Such yield enhancements are a true breakthrough for achieving food security among
farmers isolated from mainstream agricultural institutions. A re-examination of the
data in 2010, the analysis demonstrates the extent to which 286 interventions in 57
“poor countries” covering 37 million hectares (3% of the cultivated area in developing
countries) have increased productivity on 12.6 million farms while improving
ecosystem services. The average crop yield increase was 79%.
http://www.bis.gov.uk/assets/foresight/docs/food-and-farming/11-546-future-
of-food-and-farming-report.pdf

8 Africa

There is a growing body of evidence emerging from Africa demonstrating that agro-
ecological approaches can be highly effective in boosting production, incomes, food
security and resilience to climate change and empowering communities (Christian Aid


http://www.bis.gov.uk/assets/foresight/docs/food<2010>and<2010>farming/11<2010>546<2010>future<2010>of<2010>food<2010>and-farming<2010>report.pdf
http://www.bis.gov.uk/assets/foresight/docs/food<2010>and<2010>farming/11<2010>546<2010>future<2010>of<2010>food<2010>and-farming<2010>report.pdf
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2011). For example the UK Government’s Foresight Global Food and Farming project
conducted an analysis of 40 projects and programs in 20 African countries where sus-
tainable crop intensification was promoted during the 1990s—2000s. The cases included
crop improvements, agroforestry and soil conservation, conservation agriculture, inte-
grated pest management, horticulture, livestock and fodder crops, aquaculture and
novel policies and partnerships. By early 2010, these projects had documented benefits
for 10.39 million farmers and their families and improvements on approximately 12.75
million hectares. Food outputs by sustainable intensification via the use of new and
improved varieties was significant as crop yields rose on average by 2.13-fold (Pretty
et al. 2011). Most households substantially improved food production and household
food security. In 95% of the projects where yield increases were the aim, cereal yields
improved by 50—100%. Total farm food production increased in all. The additional
positive impacts on natural, social and human capital are also helping to build the
assets base so as to sustain these improvements in the future (Action Aid 2010).

Although some of the reported yield gains reported in the study depended on
farmers having access to improved seeds, fertilizers and other inputs (which more
than often is not the case) food outputs improved mainly by diversification with a
range of new crops, livestock or fish that added to the existing staples or vegetables
already being cultivated. These new system enterprises or components included:
aquaculture for fish raising; small patches of land used for raised beds and vegetable
cultivation; rehabilitation of formerly degraded land; fodder grasses and shrubs that
provide food for livestock (and increase milk productivity); raising of chickens and
zero-grazed sheep and goats; new crops or trees brought into rotations with maize
or sorghum, adoption of short- maturing varieties (e.g. sweet potato and cassava)
that permit the cultivation of two crops per year instead of one (Pretty et al. 2011).

Another meta analysis conducted by UNEP-UNCTAD (2008) assessing 114 cases
in Africa revealed that a conversion of farms to organic methods increased agricultural
productivity by 116%. In Kenya, maize yields increased by 71% and bean yields by
158%. Moreover, increased diversity in food crops available to farmers resulted in
more varied diets and thus improved nutrition. Also the natural capital of farms (soil
fertility, levels of agrobiodiversity, etc.) increased with time after conversion.

One of the most successful diversification strategies has been the promotion
of tree-based agriculture. Agroforestry of maize associated with fast growing
and N-fixing shrubs (e.g. Calliandra and Tephrosia) has spread among tens of
thousands of farmers in Cameroon, Malawi, Tanzania, Mozambique, Zambia and
Niger resulting in a maize production of 8 t compared with 5 t obtained under
monoculture (Garrity 2010).

Another agroforestry system in Africa is one dominated by Faidherbia trees which
improve crop yields, protect crops from dry winds and the land from water erosion. In
the Zinder Regions of Niger, there are now about 4.8 million hectares of Faidherbia-
dominated agroecosystems. The foliage and pods from the trees also provide much-
needed fodder for cattle and goats during the long Sahelian dry seasons. Encouraged by
the experience in Niger, about 500,000 farmers in Malawi and the southern highlands
of Tanzania maintain Faidherbia trees in their maize fields (Reij and Smaling 2008).
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In southern Africa, Conservation Agriculture (CA) is an important innovation
based on three agroecological practices: minimum soil disturbance, permanent soil
cover and crop rotations. These systems have spread in Madagascar, Zimbabwe,
Tanzania and other countries reaching no less than 50,000 farmers who have
dramatically increased their maize yields to 3—4 MT/ha while conventional yields
average between 0.5 and 0.7 MT/ha. Improved maize yields increase the amount
of food available at the household level, but also increase income levels (Owenya
etal. 2011).

9 Asia

Pretty and Hine (2009) evaluated 16 agroecological projects/initiatives spread
across eight Asian countries and found that some 2.86 million households have
substantially improved total food production on 4.93 million hectares, resulting in
greatly improved household food security. Proportional yield increases are greatest
in rainfed systems, but irrigated systems have seen small cereal yield increases
combined with added production from additional productive system components
(such as fish in rice, vegetables on dykes) (Action Aid 2010).

The System of Rice Intensification (SRI) is an agro- ecological methodology
for increasing the productivity of irrigated rice by changing the management of
plants, soil, water and nutrients (Stoop et al. 2002). It has spread throughout
China, Indonesia, Cambodia and Vienam reaching more than a million hectares
with average yield increases of 20-30%. The benefits of SRI, which have been
demonstrated in over 40 countries include: increased yield at times >50%, up to
90% reduction in required seed, up to 50% savings in water. SRI principles and
practices have also been adapted for rainfed rice as well as for other crops such as
wheat, sugarcane and teff, among others, with yield increases and associated eco-
nomic benefits.

(http://sri.ciifad.cornell.edu/countries/cambodia/camcedacimpact03.pdf)

On what probably can be considered the largest study undertaken on sustainable
agriculture in Asia, Bachmann et al. (2009) examined the work of MASIPAG, a
network of small- scale farmers, farmers’ organizations, scientists and non-governmental
organizations (NGOs). By comparing 280 full organic farmers, 280 in conversion to
organic agriculture and 280 conventional farmers, these researchers found that food
security is significantly higher for organic farmers. Results of the study summarized
in Table 3 show good outcomes particularly for the poorest in rural areas. Full
organic farmers eat a more diverse, nutritious and secure diet. Reported health out-
comes are also substantially better for the organic group. The study reveals that the
full organic farmers have considerably higher on-farm diversity, growing on average
50% more crops than conventional farmers, better soil fertility, less soil erosion,
increased tolerance of crops to pests and diseases, and better farm management
skills. The group also has, on average, higher net incomes.


http://(http://sri.ciifad.cornell.edu/countries/cambodia/camcedacimpact03.pdf)
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Table 3 Main findings of the MASIPAG study on farmers practicing farmer-led sustainable
agriculture (Bachmann et al. 2009)

More food secure: 88% of organic farmers find their food security better or much better than in
2000 compared to only 44% of conventional farmers. Of conventional farmers, 18% are
worse off. Only 2% of full organic farmers are worse off

Eating an increasingly diverse diet: Organic farmers eat 68% more vegetables, 56% more fruit,
55% more protein rich staples and 40% more meat than in 2000. This is an increase between 2
and 3.7 times higher than for conventional farmers

Producing a more diverse range of crops: Organic farmers on average grow 50% more crop
types than conventional farmers

Experiencing better health outcomes: In the full organic group 85% rate their health today
better or much better than in 2000. In the reference group, only 32% rate it positively, while
56% see no change and 13% report worse health

10 Latin America

Since the early 1980s rural producers in partnership with NGOs and other organiza-
tions, have promoted and implemented alternative, agroecological featuring
resource-conserving yet highly productive systems, such as polycultures, agrofor-
estry, and the integration of crops and livestock (Altieri 2009).

An analysis of several agroecological field projects in operation during the 1990s
(these initiatives now involve almost 100,000 farming families/units and cover more
than 120,000 ha of land) showed that traditional crop and animal combinations can
often be adapted to increase productivity when the biological structuring of the farm
is improved and labor and local resources are efficiently used (Altieri 1999). In
fact, most agroecological technologies promoted by NGOs improve traditional agri-
cultural yields increasing output per area of marginal land from 400-600 to 2,000—
2,500 kg ha™! enhancing also the general agrobiodiversity and its associated positive
effects on food security and environmental integrity. Some projects emphasizing
green manures and other organic management techniques can increase maize yields
from 1 to 1.5 t ha! (a typical highland peasant yield) to 3—4 t ha™'.

An IFAD (2004) study which covered a total of 12 farmer organizations that
comprise about 5,150 farmers and close to 9,800 ha showed that small farmers who
shifted to organic agricultural production in all cases obtained higher net revenues
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relative to their previous situation. Many of these farmers produce coffee and cacao
under very complex and biodiverse agroforestry systems.

In the states of Parana and Santa Catarina, Brazil thousands of hillside family
using cover crops minimize soil erosion and weed growth and exhibit positive
effects on soil physical, chemical and biological properties (Petersen et al. 1999).
This is how an innovative organic minimum tillage system emerged. By using cover
crop mixtures including legumes and grasses mulch biomass can reach 8,000 kg/ha
and a mulch thickness of 10 cm leading to 75% or more inhibition of weed emer-
gence. Maize yields have risen from 3 to 5 t ha™' and soybeans from 2.8 to 4.7 t ha™!
without using herbicides or chemical fertilizers (Altieri et al. 2011a).

In Cuba, it is estimated that agroecological practices are used in 46—72% of the
peasant farms producing over 70% of the domestic food production, e.g. 67% of
roots and tubers, 94% of small livestock, 73% of rice, 80% of fruits and most of the
honey, beans, cocoa, maize, tobacco, milk and meat production (Funes et al. 2002;
Machin et al. 2010; Rosset et al. 2011). Small farmers using agroecological methods
obtain yields per hectare sufficient to feed about 15-20 people per year with energy
efficiencies of no less than 10:1 (Funes-Monzote 2009). Another study conducted by
Funes-Monzote et al. (2009) shows that small farmers using integrated crop-livestock
farming systems were able to achieve a three-fold increase in milk production per
unit of forage area (3.6 t/ha/year) as well as a seven-fold increase in energy efficiency.
Energy output (21.3 Gl/ha/year) was tripled and protein output doubled (141.5 kg/
ha/year) via diversification strategies of specialized livestock farms.

Perhaps the most widespread agroecological effort in Latin America promoted
by NGOs and peasant organizations is the rescuing of traditional or local crop vari-
eties (variedades criollas), their in-situ conservation via community seed banks and
their exchange through hundreds of seed fairs (ferias de semillas) notoriously in
Mexico, Guatemala, Nicaragua, Peru, Bolivia, Ecuador and Brasil. For example in
Nicaragua the project Semillas de Identidad which involves more than 35,000
families on 14,000 ha have already recuperated and conserved 129 local varieties of
maize and 144 of beans. http://www.swissaid.org.co/kolumbien/global/pdf/campa_
a_28.05.08.pdf

In Brasil, the Bionatur Network for Agro-ecological Seeds (Rede Bionatur de
Sementes Agroecoldgicas) is one of the strategic tools that the Landless peasant
movement (MST) has launched for the participatory breeding of seeds adapted to


http://www.swissaid.org.co/kolumbien/global/pdf/campa_a_28.05.08.pdf
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agroecological management and their dissemination among hundreds of thousands
of peasants.

An increasing number of indigenous groups or cabildos in the Andean and
MesoAmerican countries have adopted agroecology as a fundamental strategy for
the conservation of their germplasm and the management of agriculture in their
autonomous territory. These efforts are tied to their struggle to preserve their land
and cultural identity. The Mesoamerican indigenous population includes about 12
million people. In Mexico, the peasant sector that still uses indigenous languages
controls an area estimated at 28 million hectares.

11 Agroecology and Resiliency to Climatic Extremes

Of key importance for the future of agriculture are results from observations of
agricultural performance after extreme climatic events which reveal that resiliency
to climate disasters is closely linked to the level of on-farm biodiversity, a major
feature of agroecological systems (Altieri and Koohafkan 2008). A survey con-
ducted in Central American hillsides after Hurricane Mitch showed that farmers
using diversification practices such as cover crops, intercropping and agroforestry
suffered less damage than their conventional monoculture neighbors. The study
revealed that diversified plots had 20-40% more topsoil, greater soil moisture and
less erosion and experienced lower economic losses than their conventional
neighbors (Holt-Gimenez 2000). Similarly in Sotonusco, Chiapas, coffee systems
exhibiting high levels of vegetational complexity and plant diversity suffered less
damage from Hurricane Stan than more simplified coffee systems (Philpott et al.
2008). In the case of coffee, the more shaded systems have also been shown to pro-
tect crops from decreasing precipitation and reduced soil water availability because
the overstory tree cover is able to reduce soil evaporation and increase soil water
infiltration (Lin 2007). Forty days after Hurricane Ike hit Cuba in 2008, researchers
conducted a farm survey in the Provinces of Holguin and Las Tunas and found that
diversified farms exhibited losses of 50% compared to 90 or 100% in neighboring
monocultures. Likewise agroecologically managed farms showed a faster pro-
ductive recovery (80-90%) 40 days after the hurricane than monoculture farms
(Rosset et al. 2011).

Diversified farming systems such as agroforestry, silvopastoral and polycultural
systems provide a variety of examples on how complex agroecosystems are able to
adapt and resist the effects of drought. Intercrops of sorghum and peanut, millet and
peanut, and sorghum and millet exhibited greater yield stability and less productiv-
ity declines during a drought than in the case of monocultures (Natarajan and Willey
1996). In 2009 the valle del Cauca in Colombia experienced the driest year in a
40 year record. Intensive silvopastoral systems for livestock production combining
fodder shrubs planted at high densities under trees and palms with improved
pastures, not only provided environmental goods and services for livestock produc-
ers but also greater resilience to drought (Murgueitio et al. 2011).
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12 Scaling Up Agroecological Innovations

The cases reported above show that in Africa, Asia and Latin America there are
many NGO and farmer led initiatives promoting agroecological projects that have
demonstrated a positive impact on the livelihoods of small farming communities in
various countries (Altieri et al. 2011b). Agroecological production is particularly
well suited for smallholder farmers, who comprise the majority of the rural poor.
Resource-poor farmers using agroecological systems are less dependent on external
resources and experience higher and more stable yields enhancing food security.
Some of these farmers, who may devote part of their production for certified organic
export production without sacrificing food security, exhibit significantly higher
incomes than their conventional counterparts. Agroecological management makes
conversion to organic production fairly easy, involving little risk and requires few, if
any, fixed investments.

With so many proven on-farm social, productive and ecological benefits, the
relatively limited adoption and dissemination of agroecological innovations begs two
questions: (1) If agroecological systems are so profitable and efficient, why have they
not been more widely disseminated and adopted? and (2) and how can agroecology be
multiplied and scaled up? There are a number of constraints that discourage adoption
and dissemination of agroecological practices thus impeding its widespread adoption.
Barriers range from technical issues such as lack of information by farmers and exten-
sion agents to policy distortions, market failure, lack of land tenure and infrastructural
problems. In order to further spread agroecology among farmers it is essential to over-
come part or all of these constraints. Major reforms must be made in policies, institu-
tions, and research and development agendas to make sure that agroecological
alternatives are massively adopted, made equitably and broadly accessible, and multi-
plied so that their full benefit for sustainable food security can be realized. Farmers
must have higher access to local-regional markets, government support such as credit,
seeds and agroecological technologies. It should also be recognized that a major con-
straint to the spread of agroecology has been that powerful economic and institutional
interests have backed research and development for the conventional agroindustrial
approach, while research and development for agroecology and sustainable approaches
has in most countries been largely ignored or even ostracized (Altieri 2002).
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In Latin America, a key factor in the expansion of localized agroecology efforts
in several isolated rural areas was the Campesino a Campesino-CAC movement
which uses a “peasant pedagogic method” that focuses on sharing experiences,
strengthening local research and problem-solving capacities in a horizontal process
of exchange of ideas and innovations among farmers (Holt—Gimenez 2006). It was
via the CAC method that soil conservation practices were introduced in Honduras,
and hillside farmers adopting the various techniques tripled or quadrupled their
yields from 400 kg/ha to 1,200—1,600 kg. This tripling in per-hectare grain produc-
tion ensured that the 1,200 families that initially participated in the program have
ample grain supplies for the ensuing year. The adoption of velvet bean (Mucuna
pruriens) which can fix up to 150 kg of nitrogen per ha as well as produce 35 tones
of organic matter per year, helped tripled maize yields to 2,500 kg/ha. Labor require-
ments for weeding were cut by 75% and herbicides eliminated entirely.

In the early 1990s organized social rural movements such as the Via Campesina,
the Landless Workers Movement (MST) and others massively adopted agroecology
as a banner of their technological approach to achieve food sovereignty. What con-
stitutes the soul of the Cuban agroecological revolution was the adoption via the
CAC process of agroecological methods by 110,000 family farmers associated with
the Asociacion Nacional de Agricultores Pequenos (ANAP) who in less than a
decade, controlling less than 35% of the land produce over 70% of the domestic
food production, e.g. 67% of roots and tubers, 94% of small livestock, 73% of rice
and 80% of fruits (Rosset et al. 2011).

Successful scaling up of agroecology depends heavily on human capital enhance-
ment and community empowerment through training and participatory methods that
seriously take into account the needs, aspirations and circumstances of smallholders.
In addition to the CAC process there are other initiatives to scale up agroecology
which involve capacity building emphasizing training, farmer field schools, on-farm
demonstrations, farmer to farmer exchanges, field visits and other marketing and
policy initiatives.

12.1 Non-Governmental Organisations (NGO) Led Initiatives

Since the early 1980s, hundreds of agroecologically- based projects have been
promoted by NGOs and church based groups throughout the developing world,
which incorporate elements of both traditional knowledge and modern agricul-
tural science. A variety of projects exist featuring resource-conserving yet highly
productive systems, such as polycultures, agroforestry, soil conservation, water
harvesting, biological pest control and the integration of crops and livestock, etc.
Approaches to train farmers on agroecological methods and disseminate best
practices include a great variety: field days, on-farm demonstrations, training of
trainers, farmers cross-visits, etc. Much of the spread of cover cropping based
conservation agriculture in southern Africa reaching >50,000 farmers has been
attained via one or more these methods.
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12.2 Inter-Organization Collaboration

One of the best examples of this approach are the Farmer Field School (FFS) which
consist of a group- based learning process used by a number of governments,
NGOs and international agencies collaborating in the promotion of agroecological
method. The most successful FFS was promoted by the FAO Intercountry
Programme for the Development and Application of Integrated Pest Control in
Rice in South and South-East Asia launched in 1980. Farmers carried out experi-
ential learning activities that helped them understand the ecology of their rice fields
via simple experiments, regular field observations and group analysis. Thousands
of farmers reported substantial and consistent reductions in pesticide use and in
many cases there was also convincing increases in yield attributable to the effect of
training. IPM Farmer Field School programs, at various levels of development, are
being conducted in over 30 countries worldwide. http://www.fao.org/docrep/006/
ad487e/ad487e02.htm

12.3 Developing Local Markets

There are thousands of initiatives throughout the world aimed at closing the circuits
of production and consumption via development of local farmers markets and
community supported agriculture. One of the most exciting examples is REDE
ECOVIDA in southern Brasil, which consists of a space of articulation between
organized family farmers, supportive NGOs and consumers whose objective is to
promote agroecological alternatives and develop solidarious markets that tighten
the circle between local producers and consumers, ensuring local food security and
that the generated wealth remains in the community (van der Ploeg 2009). Presently
Ecovida encompasses 180 municipalities and approximately 2,400 families of farmers
(around 12,000 persons) organized in 270 groups, associations and cooperatives.
They also include 30 NGOs and 10 ecological consumers’ cooperatives. All kinds
of agriculture products are cultivated and sold by the Ecovida members, including
vegetables, cereals, fruits, juice, fruit-jelly, honey, milk, eggs and meat reaching
thousands of consumers.

http://www.ifoam.org/about_ifoam/standards/pgs_projects/pgs_projects/
15649.php

12.4 Government Policies

Governments can launch policies that support and protect small farmers. The
Ministerio do Desenvolvimento Rural (MDA) in Brasil has played a major role in
supporting education and research projects, but most importantly has created impor-
tant instruments for family farmers to have access to know-how, credit, markets, etc.


http://www.fao.org/docrep/006/ad487e/ad487e02.htm
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One examples is the public purchasing programme Programa de Aquisicao de
Alimentos (PAA) created in 2003. The program addresses the issue of lack of market
access for the products of a large number of family farms. Family farms are there-
fore unable to reach their full earning potential. In the scope of four program lines,
farmers are given a purchase guarantee for specific quantities at specific prices
making the operations of thousands of small farms more economically viable.
http://www.rural21.com/uploads/media/rural_2011_4_36-39_01.pdf

12.5 Political Advocacy and Action

With or without government support, major global peasant rural movements (such
as the Via Campesina) have already initiated an agroecological revolution and have
launched a strategy followed by millions of farmers to strengthen and promote agro-
ecological models of food provision in the framework of food sovereignty. No less
than 30% of the ten million hectare territory controlled by the MST in Brasil is
under agroecological management. Thousands of MST members have received
agroecological theoretical and practical training on the many MST institutes such as
the Latin American School of Agroecology established in an MST settlement in
Lapa, state of Parana.

In addition to promoting capacity building and agroecological innovations on the
ground, rural movements advocate for a more radical transformation of agriculture,
one guided by the notion that ecological change in agriculture cannot be promoted
without comparable changes in the social, political, cultural and economic arenas.
The organized peasant and indigenous based agrarian movements (i.e. the Via
Campesina) consider that only by changing the export-led, free-trade based, indus-
trial agriculture model of large farms can the downward spiral of poverty, low wages,
rural-urban migration, hunger and environmental degradation be halted. Most oppose
the out-of-control trade liberalization as they consider it the main mechanism driving
farmers off their land and the principal obstacle to local economic development and
food sovereignty. These movements embrace the concept of food sovereignty, which
constitutes an alternative to the current mainstream thinking on food production. The
concept behind food sovereignty contrasts the neo-liberal approach that believes that
international trade will solve the world’s food problem. Instead, it focuses on local
autonomy, local markets and community action for access and control of land, water,
agrobiodiversity, etc., which are of central importance for communities to be able to
produce food locally (via Campesina 2010).

13 The Way Forward

Thousands of projects throughout Africa, Asia and Latin America show convinc-
ingly that agroecology provides the scientific, technological and methodological
basis to assist small holder farmers enhance crop production in a sustainable and
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Table 4 Global comparison of yields of organic versus conventional production using an average
yield ratio (organic: non-organic). 1,0: org. =conventional <1,0: conventional higher than organic.
>1,0: organic higher than conventional

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

Food category N. Av. SE. N Av. S.E. N. Av. S.E.
Grain products 171 1.312 0.06 69 0928  0.02 102 1.573 0.09
Starchy roots 25 1.686 0.27 14 0.891 0.04 11 2.697 0.46
Sugars and 2 1.005 0.02 2 1.005 0.02

sweeteners
Legumes (pulses) 9 1522 0.55 7 0816  0.07 2 3995 1.68
Oil crops and veg. 15 1.078 0.07 13 0991 0.05 2 1.645 0.00

oils
Vegetables 37  1.064 0.10 31 0.876  0.03 6 2038 0.44
Fruits, excl. wine 7 2.080 0.43 2 0955 0.04 5 2530 0.46
All plant foods 266 1.325 0.05 138 0914  0.02 128  1.736 0.09
Meat and offal 8  0.988 0.03 8 0988  0.03
Milk, excl. butter 18 1.434 0.24 130949 0.04 5 2.6% 0.57
Eggs 1 1.060 1 1.060
All animal foods 27  1.288 0.16 22 0968  0.02 5  2.6% 0.57
All plant and 293 1.321 0.05 160 0922  0.01 133 1.802 0.09

animal foods

resilient manner thus allowing them to provide for current and future food needs.
Agroecological methods produce more food on less land, using less energy, less
water while enhancing the natural resource base, providing ecological services and
lowering outputs of greenhouse gases. Researchers at the University of Michigan
compared yields of organic versus conventional production for a global dataset of
293 examples and estimated the average yield ratio (organic: non-organic) of differ-
ent food categories for the developed and the developing world. For most food cat-
egories, the average yield ratio was slightly <1.0 for studies in the developed world
and >1.0 for studies in the developing world (Table 4). This means that the global
south has the agroecological potential to produce enough food on a global per capita
basis to sustain the current human population, and potentially an even larger popula-
tion, without increasing the agricultural land base. The reason why the potential
resides in the South and not in the North, is because in developing countries still
resides a large peasant-indigenous population, with a rich traditional agricultural
knowledge and a broad genetic diversity which conforms the basis of resilient
diversified agroecosystems. http://www.organicvalley.coop/fileadmin/pdf/organ-
ics_can_feed_world.pdf

The evidence is overwhelming, so the question is what else is needed to convince
policy makers and funders to take a brave stand and bid on agroecology? The issue
seems to be political or ideological rather than evidence or science based.

No matter what data is presented, governments and donors influenced by big
interests marginalize agroecological approaches focusing on quick-fix, external
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Fig. 4 The three types of
sovereignty to be reached by

AGROECOLOGY
an agricultural community or

region by following l

agroecological principles and
in the context of a resiliency
strategy (Altieri et al 2011a, b)

Food
sovereignty

Energetic Technological

sovereignty sovereignty

RESILIENCY

input intensive ‘solutions’ and proprietary technologies such as transgenic crops
and chemical fertilizers that not only pose serious environmental risks but have
proven to be inaccessible and inappropriate to poor and small farmers that play a
key role in global food security.

In addition to climate change, repeated food price spikes, shortages of good-
quality land and water, and rising energy costs will prove major challenges to secure
food security for all. This is why the agroecological strategy also aims at enhancing
energy and technological sovereignty (Fig. 4). Energy sovereignty is the right for all
rural people to have access to or generate sufficient energy within ecological limits
from sustainable sources. Technological sovereignty refers to the capacity to achieve
the two other forms of sovereignty by optimizing agrobiodiversity designs that
efficiently use local resources and encourage synergies that sponsor the functioning
of agroecosystems. This new paradigm of the “three sovereignties” gives agroecology
a greater scope as a tool to determine the minimum acceptable values for food
production, biodiversity conservation, energy efficiency, etc., allowing rural com-
munities to assess whether or not they are advancing towards a basic state of food,
energy and technological sovereignty in a context of resiliency.

Governments have a major role to play such as providing incentives for farmers to
adopt resource- conserving technologies and revive public agroecological research
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and extension programs suited to the needs and circumstances of smallholder
farmers, their associations and networks. National governments need to increase
poor people’s access to land, seeds, water and other resources vital pre-requisites for
rural food security. All this must be accompanied by initiatives that enable the
creation of, and access to, markets that return fair prices for small-scale producers,
and protect peasants from global trade policies and dumping that do not safeguard
the strategic position of domestic producers in national food systems.

It is time for the international community to recognize that there is no other more
viable path to food production in the twenty-first Century than agroecology.
Developing a resilient agriculture will require technologies and practices that build
on agro-ecological knowledge and enable smallholder farmers to counter environ-
mental degradation and climate change in ways that maintain sustainable agricultural
livelihoods. The need to scale up the agroecological approach is long overdue and
in fact is the most robust food provisioning pathway for humanity to take under
current and predicted and difficult climate, energy, financial and social scenar-
ios. Whether the potential and spread of local agroecological innovations described
above, is scaled up to reach all the small farmers of a region cannot be left only to
the political will of governments. It will largely depend on the ability of the various
actors (including consumers) and organizations involved in the agroecological revolu-
tion to make the necessary alliances to exert pressure so that farmers can gain
increasing access to agroecological knowledge as well as to land, seeds, government
services, solidarious markets, and so on. Rural social movements understand that
dismantling the industrial agrifood complex and restoring local food systems
must be accompanied by the construction of agroecological alternatives that suit the
needs of small-scale producers and the low-income non-farming population while
opposing corporate control over production and consumption (Vanderploeg 2009).
Of key importance will be the formulation of an agroecological research agenda
with the active participation of farmers in the process of technological innovation
and dissemination through Campesino-Campesino models where researchers,
extension workers and NGO technicians can play a major facilitating role (Altieri
and Toledo 2011).
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Transforming Agriculture for Sustainability:
The Art and Science

Harold Schroeder

Abstract There is an urgent need for organizations in the agricultural sector and
the food industry to adopt sustainable working practices to reduce the environmental
impacts of their activities while meeting the challenge of an expected 50% increase
in global demand for food. As in other sectors, however, organizations in agriculture
and the food industry face economic pressures and must balance sustainability
considerations with the need to operate a viable and competitive business. The
adoption of sustainable working practices can make sound business sense, resulting
in increased profits and other benefits; however, sustainability is still not a manage-
ment priority in many organizations and relatively few have achieved the kind of
holistic sustainability initiatives associated with business benefits.

Building on the findings from recent research on sustainability, this article argues
that sustainability must be viewed in organizational transformation terms and that,
like other forms of large-scale business change, it can only succeed if addressed
using an “art and science” approach. Like other organizational transformations,
sustainability initiatives are subject to a high rate of failure, often due to a lack of
attention to the “art” or the people-related aspects of change. However, there is also
a need to apply “science” to organizational change, in the form of project manage-
ment and other specialist tools and techniques.

Drawing on recent sustainability literature, the article highlights aspects of art
and science that are crucial for maximizing the business benefits of sustainability.
It highlights the importance of achieving the right balance of art and science and of
adopting a holistic approach when implementing sustainability initiatives. This is
important if business benefits are to be achieved as well as positive environmental
and social impacts. Since the agricultural sector and related food industries have
such a big environmental footprint, it will be particularly important to adopt an art
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and science approach to transforming working practices in these sectors if real progress
in sustainable agriculture is to be made.

Keywords Sustainable working ¢ Sustainable business practices ® Sustainability
* Organizational transformation ¢ Art and science * Business benefits ® Organizational
culture ¢ Strategic * Sustainability ¢ Soft skills

1 Introduction

There is an urgent need for organizations in the agricultural sector and the food
industry to adopt sustainable working practices to reduce the environmental impacts
of their activities while meeting the challenge of an expected 50% increase in global
demand for food over the next 50 years (Tilman et al. 2002). According to the United
Nations’ Food and Agriculture Organization, agriculture and related industries are
responsible for around one third of global warming and climate change (FAO 2001);
other ecological impacts of agriculture include “land degradation, limits to water
availability, loss of biodiversity (and) declining agricultural genetic diversity”. In the
social sphere, sustainable agriculture means providing fair and safe conditions of
employment and the payment of a living wage to farmers and agricultural workers,
to ensure that negative impacts of the sector such as “labor abuses; and the decline of
the family farm” are avoided in future, and that agriculture supports economic devel-
opment in the developing countries from which many materials and products are
sourced (National Geographic n.d.) (Photo 1).

As in other sectors, however, organizations in agriculture and the food industry
face economic pressures and must balance sustainability considerations with the
need to operate a viable and competitive business. The good news is that the adoption
of sustainable working practices can also make sound business sense: across all
sectors of the economy, there is growing evidence that organizations that success-
fully incorporate sustainability in a holistic way report increased profits and other
business benefits. According to the recently published Third Annual Sustainability
Global Executive Survey, more organizations than ever before are now putting
sustainability on their business agendas and recognize the need to do so in order
to remain competitive. Even more significantly, among survey respondents with
sustainability initiatives, almost a third reported increased profits as a result. Despite
this, the research also revealed that many organizations are struggling to reconcile
sustainability with their core business objectives, and that sustainability ranks only
eighth among agenda items perceived to be important to top management. The
researchers comment that “we may be reaching critical mass with companies taking
sustainability seriously, but we have not yet achieved a similar critical mass with
companies profiting from sustainability” (Kruschwitz and Haanaes 2011, p. 71).

Building on the findings from this and other recent research on sustainability, this
article argues that sustainability must be viewed in organizational transformation
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Photo 1 Sustainable working practices will be necessary if the environmental footprint of agricul-
ture can be reduced while global demand for food soars

terms and that, like other forms of large-scale business change, it can only succeed if
addressed using an “art and science” approach. While the importance of the people-
related aspects of organizational change are increasingly being recognized in the
literature, in practice there is continuing evidence that many mission-critical projects
fail due to a neglect of the “art” of transformation. The article discusses several key
aspects of art and science which are crucial in order to ensure that organizations
maximize the business benefits of sustainability and highlights the importance of
achieving the right balance of art and science when implementing sustainability
initiatives. Since the agricultural sector and related food industries have such a big
environmental footprint, it will be particularly important to adopt an art and science
approach to transforming working practices in these industries if real progress in
sustainability is to be made.
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2 The Importance of Sustainability

In the business context, the concept of sustainability has been closely associated
with the “triple bottom line”, a phrase first coined by Elkington (1998) to highlight
the importance of considering social and environmental as well as economic factors
when calculating the costs of business activity and value generated. These social
and environmental factors include, for example, health and safety, human rights,
product safety, pollution and energy use, among others. The need for organizations
to pay greater attention to the social and environmental impacts of their activities
has increased as public awareness and media attention to these factors has grown
over time. There is now a general expectation that companies will exhibit respon-
sible social and environmental behaviour and demand the same from their suppliers
(Dao et al. 2011); the point has now been reached, it has been argued, at which those
who do not live up to this are likely to be pushed out of the market (Piasecki 2009)
(Photo 2).

The focus on sustainability in the business world also been reinforced by the
development of stock market indices such as the Dow Jones Sustainability Index,
which tracks the performance of global leaders in sustainability against economic,
environmental and social criteria, and by global environmental league tables such as
Newsweek’s annual Green Rankings, which highlight the environmental perfor-
mance of the world’s largest publicly traded companies (Yarett 2011). There has
also been an increase over time in social and environmental legislation or standards,
bringing the requirement or at least the public expectation for organisations to
monitor and report on their performance in these areas. Many large organizations
and an increasing number of smaller firms publish sustainability reports or include
social and environmental performance reporting in their annual reports. Maintaining
a positive brand image and attracting investment are becoming largely dependent
on the sustainability record of an organization and its suppliers, which is often very
transparent and subject to closely monitoring by environmental groups, investors
and the general public alike. Pressures on firms to adopt sustainable working practices
are not just external: there is increasing evidence that a well implemented sustainable
approach to working is associated with business benefits such as reduced operating
costs, increase revenue, better brand image and more effective employee engage-
ment (Haanaes et al. 2011).

As aresult, more and more organizations, across all sectors and size bands, are
adopting sustainability initiatives — with no apparent decrease in this trend even in
the economic downturn (Haanaes et al. 2011). Even among small and medium
enterprises (SME), a rapid increase in the adoption of sustainability strategies has
been documented in recent years (Chartered Accountants of Canada, American
Institute of CPAs, Chartered Institute of Management Accountants 2010). That’s
the positive news; but these top-line positive findings conceal equally strong
evidence that many companies are struggling to successfully incorporate sustain-
ability into their working practices or that there is a gap between rhetoric and
practice (Deloitte 2010; Haanaes et al. 2011). For example, the Third Annual
Sustainability Global Executive Survey revealed that “most companies” are struggling
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Photo 2 Sustainability makes
good business sense

to define sustainability in a way that is relevant to their business (Kruschwitz and
Haanaes 2011), while other studies have revealed that sustainability is still being
addressed in a peripheral way in many organisations, with a primary focus on
“green” initiatives which are planned and implemented separately from their core
business strategies. An extensive review of the web sites of leading global com-
panies revealed a lack of sustainability targets and big gaps in practice (Hubbard
2011); similarly a review of leading companies in Australia companies concluded
that there was “little tangible evidence that sustainable business practices are being
implemented” and that “business does not even claim to be environmentally
responsible except as rhetoric” (Brennan et al. 2011, p. 56). Although more and
more organisations are implementing sustainability strategies, the evidence sug-
gests that sustainability is still given a low priority compared with other manage-
ment agenda items and that relatively few are adopting sustainable working in a
way that will help drive profits and business growth (Haanaes et al. 2011;
Kruschwitz and Haanaes 2011).

In summary, organizations in all sectors of the economy, including agriculture
and related industries, are coming under increasing pressure to adopt sustainability
initiatives, yet there remains a big gap between those organizations that have done
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so successfully and are reaping business benefits as a result, and those who are
struggling with their approaches to sustainability or have only incorporated sustain-
ability on the margins of their business. The following sections highlight best practice
in sustainability and show how an art and science approach to organizational trans-
formation is crucial in the achievement of this.

3 Sustainability as Organizational Transformation

What is becoming evident is that those organizations which are leading the way in
sustainability and also experiencing strong business performance are those in
which sustainability has been implemented in a holistic way into all areas of the
organisation (Aberdeen Group 2010; MIT Sloan Management Review and the
Boston Consulting Group 2011). When this is achieved, their sustainability pro-
gram often becomes an important aspect of corporate branding and a powerful
marketing tool.

For example, Walmart’s “Sustainability 360" program is underpinned by the
three broad goals of (1) being supplied 100% by renewable energy; (2) creating
zero waste and (3) selling products that sustain our resources and the environment.
The company’s 2011 Global Responsibility Report highlights its holistic approach
to sustainability, stressing that “Sustainability 360 lives in every corner of our busi-
ness — from associate job descriptions to our interactions with suppliers — and
guides our decisions based on improving the environment, supply chain and com-
munities where we operate and source” (Walmart 2011). Similarly, the Starbucks
website includes extensive reporting on the corporation’s sustainability and corporate
social responsibility initiatives. Starbucks emphasises in its corporate literature its
Environmental Stewardship initiatives, focused on the long-term sustainability of
coffee-growing communities, as well as the company’s green building, energy and
water conservation and recycling program (Starbucks Corporation website).

Successfully integrating sustainability into all areas of a business is easier said
than done, however, since this will often require extensive changes not only in the
way the business is organized and its strategic goals, but in corporate culture and
the attitudes and mind sets of organizational leaders, employees and other stake-
holders. This type of holistic approach to sustainability involves what Svenssen
and Wagner (2011) refer to as a “transformative” approach involving the
“achievement of genuine and continuous business sustainability and awareness at
strategic, tactical and operative levels of business” (italics added). Becoming a
sustainable organization is likely to involve extensive and inter-related changes
across virtually all organizational functions and areas of activity, including but not
confined to strategic planning, finance, product and service design, procurement
and supply chain management, management and leadership, operational work,
customer relations and human resource management. The ability to successfully
execute these changes will depend heavily on the commitment and engagement of
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people involved with or affected by them. Like other major organisational
transformations, therefore, the implementation of sustainability programs requires
an “art and science”-based approach.

To recap, sustainability has been proven to contribute to strong business perfor-
mance when it is adopted in a holistic way throughout all areas of organizational
practice and culture. The changes needed to achieve this require a combination of
art and science, as discussed in the following section.

4 The Art and Science of Transformation
for Sustainability

The case for art and science in transformation for sustainability is based on evidence
from the organisational change literature that business transformations in general
are subject to a high rate of failure. This indicates that, on average, less than half of
organizational change projects succeed in meeting their objectives, while staying on
schedule and within budget. Increasingly, the empirical evidence from employer
surveys is that it is the people-related aspects of change, such as weak leadership or
difficulties in changing employee attitudes, which are most difficult to achieve and
often lead to project failure (Economist Intelligence Unit 2009; IBM Corporation
2008; McKinsey and Company 2010).

The art involved in an organisational change initiative comprises the “softer”
skills relating to human behaviour and interactions, as well as the personal attributes
so important in business that are often defined in terms such as “acumen” or “intu-
ition”. These art skills include, for example, leadership, business acumen, commu-
nications and adaptability. In contrast, the science comprises the skills and knowledge
required to use formal processes, techniques and tools in planning, implementing
and managing organisational change. These include, for example, requirements
analysis, risk identification, financial planning and performance measurement. The
distinction between art and science can also be conceptualized in terms of “right
brain” and “left brain” thinking respectively, as illustrated in Fig. 1. In any transfor-
mation initiative, it is essential to achieve the right balance of art and science skills
(Fig. 2).

Like other organizational transformations, therefore, sustainability initiatives
are subject to a high rate of failure, often due to a lack of attention to the “art” or
the people-related aspects of change. However, there is also a need to apply
“science” to organizational change, in the form of project management and other
specialist tools and techniques. Achieving the right combination of art and science
is crucial if sustainability is to be successfully adopted in the holistic way that is
needed to contribute to business performance as well as the achievement of positive
environmental and social impacts. The importance of combining art and science to
achieve transformation for sustainability is discussed further in the following
section.
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Left Brain Right Brain
- the “science” - the “art”
Logical Random
Sequential Intuitive
Rational Holistic
Analytical Synthesizing
Obijective Subjective
Looks at parts Looks at wholes

Fig. 1 Left and Right Brain Thinking. The “science” of transformation can be conceptualized in
terms of what is often referred to as “left brain” thinking, or a logical, analytical and objective
approach. In contrast, the “art” of transformation can be conceptualized as “right brain” thinking
or a more intuitive, subjective and holistic approach

ART SCIENCE
Political Acumen, Business Technique, Methodologies,
Acumen, People Acumen, Processes, Tools
Leadership

A

Fig. 2 The Art and Science of Transformation Scale. In any transformation initiative, such as a
sustainability program, it is essential to apply the right combination of “art” and “science” skills.
The appropriate balance of art and science will depend on the factors such as the scale of the project
and numbers of stakeholders involved, but there is generally a need to combine various methodologies,
techniques and tools (science) with people-related skills and the more intuitive abilities often
defined in terms of “acumen”

5 Combining Art and Science for Sustainability

As noted above, a holistic approach involving the integration of sustainability into
all areas of the organization is important if companies are to gain business benefits
from their sustainability programs. First, this requires the application of science
skills in systematically reviewing all functional areas and their inter-relationships,
identifying sustainability goals and performance criteria, developing implementation
plans and identifying roles and responsibilities. While this lays the groundwork for
improvements in sustainability, achieving them also involves an extensive range of
art skills. For example, these are needed to effectively communicate the objectives
of the initiative and the reasons for it to all stakeholders, and to secure and maintain
their commitment and contributions to achievement of the desired outcomes. The
art of transformation for sustainability will ideally also include strategies for involving
the input of employees and other stakeholders in the design of sustainability
programs and the identification of specific areas in which sustainability gains can be
achieved in order to help meet top-line goals.
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The need for art skills in sustainability goes further than this, however: becoming
a sustainability-driven organization requires a shift in balance from left-brain to right-
brain thinking, particularly in the setting of business objectives and performance
measures. This is necessary in order to expand the organisational focus from traditional
financial indicators of business success to wider definitions of costs and value incor-
porating social and environmental dimensions. Traditional business performance
measurement has primarily been based on tangible, quantifiable indicators, such as
numbers of widgets produced per hour, or turnover per month. However, many of
the business benefits of sustainability are more intangible or qualitative in nature,
including for example improved public attitudes to the brand or increased employee
engagement. On the other hand, the implementation of a sustainability program
may even involve increased short-term costs in order to achieve reduced long-term
costs and greater profits (Butler et al. 2011). These characteristics of sustainability
programs create challenges for traditional science-based accounting and performance
management systems, and call for more creative approaches to assessing performance
and the increased use of qualitative performance measures. At least until recently,
relatively few organisations were successfully achieving this: a 2008 employer survey
reported that major barriers to the successful integration of sustainability into
financial strategy included the difficulties of measuring its impact on financial
performance and shareholder value (cited in Butler et al. 2011).

Overcoming such barriers requires a change in organisational culture and a rela-
tive shift in focus from science to art but also an investment in organisational learning
and knowledge accumulation about social and environmental issues. Having roles
dedicated to the promotion of sustainability can be important way of achieving this;
individuals with relevant knowledge and awareness can be appointed to these roles,
or provided with suitable training and development; these then act as sustainability
“champions”, educating other employees and stakeholders through organisational
communications and ensuring that sustainability stays firmly on the business agenda.
The more senior the champion the better, perhaps: the Aberdeen Group (2008)
found evidence that many companies rated “best in class” in sustainability had
appointed executive leaders to head their green supply chain initiatives, and these
played a key role in communicating progress with internal and external stakeholders,
building commitment and improving collaboration in pursuit of their sustainability
goals. The “soft” skills of managers and team leaders at all levels of the organisation
are also important in contributing to the success of sustainability initiatives, according
toa2010 survey conducted by the International Society of Sustainability Professionals
(ISSP), the most important of these include communication skills, the ability to
influence, inspire and motivate others, team-building skills and problem-solving
(Johnson 2011).

Communications and people-management skills are indeed among the most
important factors in ensuring the success of a sustainability program, but it is funda-
mentally the combination of art and science that is crucial, especially in relation to
stakeholder management. Monitoring and securing progress towards sustainability
goals in the supply chain can be especially challenging for many major corporations
with extensive supply networks. In the case of Walmart, for example, more than
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100,000 suppliers globally participate in the Sustainability 360 program, requiring
an efficient system for collecting sustainability data and tracking performance
against specified sustainability goals. Such systems must be effective not only
for monitoring and performance measurement purposes but also to engage and
motivate participants to improve sustainability in their business. One approach to
this is provided by the example of Proctor and Gamble’s Supplier Environmental
Sustainability scorecard system, which generates supplier ratings on the basis of
performance and can presumably influence the participants’ prospects for future
business with the corporation (GreenBiz Staff 2010).

External stakeholders play a particularly important role in the success or other-
wise of sustainability initiatives. A major corporation’s record and reputation on
sustainability can be severely damaged if their overseas suppliers are found to be
using unethical or illegal working practices, such as child labor, or if the hazardous
components in its products are not being safely disposed of after use. Similarly, a
company’s efforts to introduce recyclable packaging materials may backfire if sales
drop because customers dislike the new packet designs, and sustainability plans and
policies will be no more than the paper they are printed on unless they are adopted
by employees into everyday working practices. Analysis techniques such as stake-
holder mapping and SWOT#* analysis provide the structures and methods for
documenting program-related risks and opportunities, but to identify and under-
stand how to manage those arising from stakeholder interests and concerns requires
people-related skills, and the ability to design communications and other measures
that will be effective in securing the commitment to and engagement in the program
of the respective stakeholder groups (*Strengths, Weaknesses, Opportunities,
Threats, see wikipedia). This point applies as much to internal as to external stake-
holders: for example, securing the commitment of finance officers to the pro-
gram is likely to require an emphasis on the expected long-term reduction in cost
and increase in profit or efficiencies; where external suppliers are concerned, it will
generally be important to stress collaboration and the benefits to them of being
associated with the sustainability program, rather than placing too much emphasis
on monitoring and scrutinizing their business practices.

The above represent just a few examples of ways in which a combination of art
and science are crucial in transformation for sustainability. Evidence of the effec-
tiveness of this approach can be found in the finding of sustainability surveys. For
example, those companies that were found to be profiting most from their sustain-
ability programs in the Second Annual Sustainability and Innovation Survey and the
Third Annual Sustainability Global Executive Survey were reported to have an
analytical approach to sustainability, including the development of a formal business
case for their program, and the use of scientific methods such as scenario planning
and strategic analysis. At the same time they displayed strong evidence of a change
in organisational thinking and culture, with sustainability being regarded as core
and being discussed by respondents to the survey in terms of both tangible and intan-
gible benefits such as process improvements, innovation opportunities and business
growth (Haanaes et al. 2011; Kruschwitz and Haanaes 2011).
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As discussed in this section, it is the combination of art and science that is necessary
for the successful implementation of a sustainability initiative. The application of art
skills are especially important in communicating the importance of the program to all
stakeholders and securing their engagement and commitment to the achievement of
sustainability goals, and in the development of new approaches to measuring perfor-
mance which do not rely exclusively on financial or other quantitative metrics. At the
same time, knowledge of and expertise in a range of tools and techniques are important
for the effective development, management and monitoring of a program designed for the
achievement of business benefits as well as positive environmental and social impacts.

6 Conclusion

In conclusion, organisations in all sectors are facing increasing internal and external
pressure to adopt sustainability initiatives, and there is a pressing need for greater
awareness and understanding of how to incorporate these in a strategic way into all
areas of the organisation. The issue is particularly pressing in agriculture and related
industries, which have an especially large environmental footprint and are reported
to be responsible for around one third of man-made emissions that are contributing
to climate change.

However, research indicates that sustainability as an add-on or peripheral “green”
program is a risky approach and one which is likely to represent a business cost; in
contrast, a holistic program in which sustainability is integrated into all organiza-
tional functions and stakeholder groups can be an effective driver of business growth
as well as environmental and social benefits. This requires a transformational
approach based on the application of art and science, to ensure that sustainability
becomes embedded into the structure and culture of the organisation. Since the
benefits of sustainability are often long-term and largely intangible, this is essential
to ensure continued commitment to a program and minimize the risk of slipping
back into “old” ways of doing things.
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Organic Bread Wheat Production
and Market in Europe
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Abstract This chapter is a first attempt to analyse bottlenecks and challenges of
European organic bread wheat sector involving technical, political and market
issues. From 2000, the organic grain market has largely increased in Western
Europe. To balance higher consumer demand there is a need to increase organic
production by a new transition and technical improvement. Bread wheat is grown in
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a variety of crop rotations and farming systems where four basic organic crop
production systems have been defined. Weeds and nitrogen deficiency are considered
to be the most serious threat inducing lowest grain yield under organic production.
The choice of cultivar, green manure, fertilization and intercropping legumes —
grain or forage — are efficient ways to obtain high grain quality and quantity.

The economic viability of wheat production in Europe is also affected by subsidies
from European Union agri-environmental programs. Support has been granted to
organic farming since the beginning of the 1990s. Direct payments from European regu-
lation combined with premium prices paid by consumers had compensated the lowest
crop production. In the European Union, the current cycle of the Common Agricultural
Policy (CAP) is due to end in 2013. Discussions are now under way to support the pol-
icy for the period 2014-2020. With the increasing consumer awareness of their food, the
growth of the organic sector may continue in the near future. However, financial crisis
in some countries may lead to stagnation or even decline of consumer demand.

The development of the organic grain sector is actually confronted to others
challenges as quality and safety value. Technological ways of milling and baking
may also improve baking quality and nutritional value of organic flour, as well as it
prevents mycotoxin contamination. For instance, milling process strongly influences
flour characteristics. Stone milling improves nutritive value when characteristics
remain very stable independently of the milling yield while flour characteristics from
roller milling appear very susceptible to the milling yield. The economic efficiency
of the bread wheat sector is also influences by the existence of an adequate marketing
structure answering consumers’ requirements. This paper is a contribution of a multi-
disciplinary group of researchers involved in AGTEC-Org project using peer review,
statistical data and interviews of key actors: farmers, advisers or experts (coreorganic.
org/research/projects/agtec-org/index.html).

Keywords Organic agriculture ® Food-chain * Bread wheat » Baking quality ¢ Yield
* Farming systems

1 Introduction

Since the beginning of the 1990s, organic farming has rapidly progressed in almost
all European countries. In 2010, 5.1% of the total utilised agricultural area in the EU
member states (EU-27) was cropped organically with nine million hectares (Willer
and Kilcher 2012). Compared with 2000 (4.5 million hectares), the organic land has
more than doubled in Europe. The organic supply is currently one of the most
expanding sectors of the food industry in many European countries. Across Europe,
the market for organic food grew substantially from 2000 by more than 8% per year
with approximately 19.6 billion € in 2010. However, the importance of organic
farming varies across the EU-27 and considerable differences exist in organic food
consumption. In the Western European countries around 5% of the total food market
is organic whereas the new EU members have a very low consumption of less than
1% (Source Eurostat, Willer and Kilcher 2012). While the organic grain market has
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developed rapidly, the growth in production has not matched the growth in demand.
Consequently, Western European countries have been net importers of cereals, oil-
seeds, legumes, potatoes and vegetables from Eastern Europe, Australia, Canada
and the United States and widespread scarcity of organic cereals led to discernible
price increases at both the producer and consumer level. Organic wheat is consid-
ered an essential part of the small grains production because of their importance use
for human nutrition in Western Europe (Michelsen et al. 1999).

The purpose of this chapter is to analyse bottlenecks and challenges of the organic
bread (soft) wheat production and market in Europe. The objectives of this paper are
(i) to provide data on existing organic wheat production and market, (ii) to charac-
terise the main organic cropping systems comprising wheat production, (iii) to analyse
the profitability of the organic wheat production and (iv) to define the main charac-
teristic of the wheat-flour market in Europe. This paper also highlights the
diversification of the organic wheat sector in Europe by analysing wheat production
and market in Denmark, Italy, Austria, Switzerland and France, key actors in the
organic sector in EU-27.

2 Methodology

The result of this paper are based on published, statistical database and on expertise
and knowledge obtained through interviews of farmers, advisers or researchers
coordinated by the scientific partners of the AGTEC-Org project (http://www.
coreorganic.org/research/projects/agtec-org/index.html). The paper presents results
from a survey realised in Denmark, Italy, Austria, Switzerland and France together
with statistical data and literature reviews.

Statistical data were collected both from European database (EuroStat, [FOAM)
and the national statistics of the selected countries. In these dataset, the area, share and
growth of organic production, arable land and wheat production have been analysed.
The main characteristics of the farming systems such as crop rotation, type and
size of animal husbandry, machinery used, crop management and performance of
organic wheat has been described both by interviews of farmers and/or key infor-
mants and national literature review. The main characteristics of bread wheat-flour
sector have been described by interviews of millers, bakers and/or key actors.
Twenty-six interviews were done with key informants.

3 Results and Discussion

3.1 Principles of Organic Crop Production

Organic agriculture attempts to sustain ecological balance through the design of
farming systems, preservation or establishment of habitats and maintenance of
genetic and agricultural diversity (IFOAM 2009). A fundamental strategy of organic
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farming is the prevention of problems through the careful design and management
of the farming systems, rather than the reliance of off-farm interventions to solve
problems. The farm design should work with natural ecological processes, taking
advantage of soil nutrient and water cycles, energy flows, beneficial organism and
natural pest controls. Long-term soil fertility is maintained by promoting soil
biological activity and diversity, recycling of farmyard manure and diversifying
crop rotation with grains and forage crops. The soil is conserved by ground covers
and green manures, and if possible by reduced tillage. A key element is the reliance
on farm resources within a relatively closed farming system, rather than depending
on inputs that are imported from outside the farm.

In general, organic grain systems are characterized by higher crop diversity and
wider crop rotations compared to comparable conventional systems (Stockdale
et al. 2002). Within a crop group, diversity is often higher, e.g. cereal patterns are
less dominated by winter wheat and winter barley, than in conventional farming.
Crop diversification can deliver many simultaneous agronomic benefits (e.g. reduced
weed pressure, Bond and Grundy 2001) and ecological benefits as e.g. reduced pest
and pathogens incidence (Finckh and Wolfe 2006).

3.2 Organic Production in the European Union (EU)

The total organic area in the EU-27, fully converted and under conversion, increased
from 2.3 million hectares in 1998 to 9 million hectares in 2010. This corresponded
to an annual average growth rate of nearly 15%. In the surveyed countries, Austria
(19%) and Switzerland (11%) have the largest share of total organic area in the total
Utilised Agricultural Area (UAA) with more than 10% in 2010 (EuroStat Data
2010). Italy followed with a 8% share. Denmark had 6% share whereas France had
one of the lowest share in the EU member states with 3%. France deviated from the
other countries having a high contribution in the EU-27 UAA but a low share in the
organic area. In EU-27, arable land accounts for 41% of the agricultural area
converted to organic farming with more than four million hectares. The main use of
the organic arable land is production of cereals (1.7 million hectares representing
less than 3% of the total cereal area in Europe), followed by forage cultivation (1.5
million hectares). Pulses, oilseeds and root crops play an important role in organic
farming to diversify the crop rotation. Wheat is the most important organic cereal in
EU-27 with ca 432.000 ha in production. Durum wheat (109.031 ha) is particularly
grown in Italy while large areas for soft wheat production are found in Germany
(76.000 ha), France (50.169 ha) and Austria (36.719 ha). From 2000 to 2010, France
and Austria have recorded positive growth of more than 25%. Denmark and Germany
follows with a share of 12%. The development of organic soft wheat in Italy and
Switzerland is low or null while the organic share has largely increased for others
products. Concerning the supply of organic products in Europe, Italy accounted for
nearly 18% of all organic crops in the EU-27 when the others countries account far
less like 9% for France, 6% for Austria and around 2% for Denmark. The largest
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markets of organic products were Germany, France, UK and Italy. Denmark, Austria
and Switzerland had the highest market shares.

3.3 Crop Production Systems in Organic Farming

Until recently, most organic farms included both crops and livestock production.
From the beginning of the 1990s, organic agriculture has become much more
specialized, and crop rotations have been simplified in arable farming systems.
Current organic cropping systems occupy a continuum in a spectrum of intensification
and diversification, characterised by different levels of inputs, crop diversity and
crop management practices. Four basic types of cropping systems comprising soft
wheat production were specified from the survey. These four cropping systems
were: mixed cropping systems, organic arable systems in temperate regions, irri-
gated grain systems and extensive grain systems. The description of each farming
system will focus on crop rotation (duration, place of organic wheat), proportion of
legumes in the rotation, crop management on organic wheat and economic
efficiency

3.3.1 Mixed Organic Farming Systems

Traditionally, the organic farming systems combined livestock (in general dairy
production) and crop production within a relatively closed farming system. These
systems are common in temperate or Atlantic climates with medium to high precipi-
tation, over 700 mm year~'. The cropping systems are based on a large share of
N-fixing crops (more than 40% of the total area) such as grass/clover leys or lucerne,
associated with cereals, silage maize or root crops in along term rotation (8—11 years).
Representative crop rotations in mixed organic farms are illustrated in Table 1. The
proportion of winter wheat varied from 20 to 30% in the crop rotation.

In order to make maximum use of the large quantities of nitrogen released fol-
lowing forage legumes incorporation, crops with high N-demand as spring or winter
cereals are usually grown after these crops. Silage maize or root crops (potatoes or
sugar beet) grown at a less favourable position in the crop rotations receive animal
manure in large quantities. Diseases are usually prevented by the crop diversity
within the crop rotation and the use of robust varieties. Weeds are prevented by crop
rotation, preventive measures in the cultivation, e.g. ploughing, and curative mea-
sures during growth, e.g. comb weeder. Nonetheless, in the survey weeds were indi-
cated as the main problem experienced in these rotations although the high share of
perennial leys (clover/grass) to some extent should eliminate annual species.

The economic efficiency is partly ensured thanks to weak expenditure (no off-
farm inputs) with the valorisation of the main crops by livestock. Therefore, the
higher labour cost, due to weed and soil tillage operations, is largely compensated
by higher product prices.
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Table 1 Representative crop rotations including winter wheat in mixed farming systems

Year Austria® France(1)® Denmarke® France(2)®
1. Clover grass Lucerne Clover grass Lucerne
2. Clover grass Lucerne Clover grass Lucerne
3. Winter wheat Winter wheat Winter wheat Lucerne
4. Maize Spring wheat Spring oat Winter wheat
5. Field bean Pea Spring barley Spring barley

with undersown
clover grass

6. Triticale Winter wheat Sunflower
7. Winter barley Winter barley Pea or Lentil
with undersown
Lucerne
8. Winter wheat
9. Winter cereal
10. Pea
11. Winter wheat
Source

2Rinnofner et al. (2008)

®Gerber and Fontaine (2009)

“Source Interviews with Senior scientist Ib S. Kristensen, University of Aarhus & Senior advisor
Jens Erik @rum, Institute of Food and Resource Economics, University of Copenhagen

3.3.2 Organic Arable Farming Systems in Temperate Regions

The farming system representative for particularly Western and Central Europe
have progressively increased their parts of grain crops in the organic cropping sys-
tems. The livestock production is null in stockless farming systems or very limited
compared to the grain production. The poor profitability of leys has diminished their
importance while high premium for cereals and root crops have encouraged their
cultivation. Current arable organic rotations consist of cereals, grain legumes, root
crops or field vegetables and annual leys. As organic markets for new crops develop,
crops as sugar beet and oilseeds may be grown more widely. Some farmers also
invest in root crops or field vegetables requiring heavy investments but providing
presently high net margins. Examples of different crop rotations in arable organic
systems are illustrated in Table 2. The proportion of winter wheat varied from 20 to
40% in the crop rotation.

Composted off-farm manures and other organic sources (i.e. green compost,
organic fertilizers) may be used to meet crop N demand. In some cases, the intro-
duction of 1 or 2 year fallow with clover grass or lucerne tends to improve N soil
fertility-building. These farms are also characterised by frequent cultural prac-
tices including soil tillage, more intensive weed and pest control and increased
organic fertilizer input. Sowing date, row width and seed rate will influence the
incidence of diseases and weeds through manipulation of the canopy structure.
The methods of reduced tillage are generally not employed on more intensive
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Table 2 Representative crop rotations in arable systems

Year France(1)® France(2)® Switzerland® Austria®
1. Pea Pea or Field bean Ley grass Field bean
2. Winter wheat Winter wheat Winter wheat Winter wheat
3. Barley Winter barley Maize Maize
or Triticale

4. Potato or Field Sunflower Winter wheat Spelt

vegetable or Spelt
5. (Field vegetable) Winter wheat Spring barley Triticale
6. Ley grass
7. Ley grass
Source

“Rinnofner et al. (2008)

®Gerber and Fontaine (2009)

¢Source: interviews from Klaus Steiner, Coordinator Cereal-Pool of Bio Suisse & Bertrand Bollag,
category manager of arable crops, Bio-Suisse

managed organic farms because of the benefits of ploughing in burying plant residues
and weed seeds.

The economic efficiency is ensured thanks to high performance in yield and
quality and premium price for cereals, root crops or field vegetables. These
farming systems induced higher labour and operating costs (i.e. fertilization and
equipment).

3.3.3 Irrigated Grain Systems

Irrigated organic farms are typically found in Mediterranean or Continental cli-
mates with regular water deficit (precipitation <700 mm year™). These cropping
systems are based on a balanced proportion of spring crops, mostly irrigated, as
maize, sunflower, soybean or pea associated in the crop rotation (4—6 years) with
winter cereals (i.e. wheat, barley, triticale). The crop rotations contain large propor-
tion (more than 30%) of N-fixing legumes as monoculture or intercrop for grain
legumes or as cash crop or undersown as grass leys as clover grass. Examples of
different crop rotations of irrigated organic farms are illustrated in Table 3. The
proportion of winter wheat varies from 20 to 33% in the crop rotation.

The N management is generally based on high rate of N-fixing grain legumes
and off-farm organic sources (manures, organic fertilizers or others sources as green
waste) for partially meeting the N demand of winter cereals. On some farms, there
is currently a risk of unbalanced crop rotations in favour of few profitable crops,
e.g. premium quality and high yielding grain, inducing potential development of
specialized weed flora. Weed management is ensured combining preventive methods
(crop sequence choice, soil tillage management, use of false seedbed technique, use
of cover crops) and curative methods, e.g. hoeing and harrowing, on the whole crop
rotation (Barberi 2002).
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Table 3 Representative crop Year Italy* France(1)" France(2)"
rotations in irrigated grain - -
systems 1. Maize Maize Soya or Pea
2. Winter wheat Soya Bean Winter wheat
3. Vegetables Winter wheat Maize
4. Potato Fever Bean
5. Vegetables Winter wheat
6. Maize
Source

*AIAB (Italian Association for Organic Agriculture) and
CRA (Council of Researches in Agriculture)
®Gerber and Fontaine (2009)

Table 4 Type of crop Year  France(1)® France(2)" Italy®
f)(;g:rll(i)gsfzt?n?ixnt;isyl:;mq 1 Luzerne Winter wheat Durum wheat
‘ ) 2 Luzerne Sunflower Sunflower
3 Winter wheat Faba Bean Durum wheat
4 Winter barley Pea or Faba bean
or Lentil
or Lupin
5 Rye+Lentil
6 Spring barley
Source

*AIAB (Italian Association for Organic Agriculture) and CRA
(Council of Researches in Agriculture)
®Gerber and Fontaine (2009)

The economic efficiency is mostly ensured thanks to premium price and high
yield and quality performance of irrigated crops. The level of external inputs is
strongly linked to the farmer’s financial capacity.

3.3.4 Extensive Organic Farming Systems

These farmers generally grow a diversity of crops including small grains, oilseed
crops and legumes under dry conditions (precipitation <700 mm year™') without
irrigation. Moreover, niche market crops such as aromatic or medical plants and
alternative small grains (e.g. kamut, millet) can be found as a means of increasing
profit even though it requires management flexibility and presents marketing
challenges. Examples of different crop rotations of extensive organic farms are
illustrated in Table 4. The proportion of winter wheat varies from 0 to 33% in the
crop rotation.

The extensive grain systems are generally based on reduced land management
(no tillage, limited weed control) and limited use of external inputs (composted



Organic Bread Wheat Production and Market in Europe 51

manure or organic fertilizers). The farm management is based on low input regarding
mechanization, limited usage of external inputs and/or available family labour.
These systems could in general be developed under two contrasting scales; on
small-scale family farms - under 10 ha in Southern Europe - but in most cases on
large-scale organic farms: over 200 ha in Central and Eastern Europe. The eco-
nomic efficiency is mostly ensured by limited costs, large scale economies or by
added value due to direct marketing, even the average yield is lower than theses
ones observed in the organic arable farming systems.

3.4 Profitability of Organic Wheat in Europe

The economic viability of wheat production in Europe is clearly affected by the sup-
port payments, the technical performance but also by the existence of an adequate
marketing structure.

34.1 Political Support

Growing consumer demand for organic food and the consequent increase in organic
production led to the introduction of Council Regulation (EEC) 2092/91 in 1991.
This regulation has been amended on several occasions, in particular in 1999 to
cover organic livestock production (N° 1804/99) and in 2007 with the new EU
Council regulation, (N° 834/2007) on organic production and labelling emphasizing
environmental protection, biodiversity and animal welfare. In the European Union,
the current cycle of the Common Agricultural Policy (CAP) is due to end in 2013.
Discussions are now under way to reform the policy for the period 2014-2020.
Under European Union’s agri-environmental programs (Pillar II of the CAP, rural
development), support has been granted to organic farming since the beginning of
the 1990s. Therefore, the organic sector is also supported by premium prices paid
by the consumers. The surveyed countries show large differences in the support
payments, both in terms of the levels of payments and eligibility, and policy towards
organic farming. For instance, Michelsen et al. (1999) showed that EC 2078/92
payments amounted to approximately 20% of profits in Austria and Denmark, while
in France they amounted to only 4% of profits, due to both the relatively low level
of the payments and the fact that only converting productions were eligible for pay-
ments. Over the last decade, support programmes for organic production, e.g. agri-
environmental programmes, subsidies for new equipment, support for certification
etc., have been consolidated by national or regional programmes. A further impor-
tant support measure for organic farming are organic action plans. In 2011, 26
countries and regions in Europe had an action plan, many of them with quantitative
targets. Austria, for instance, aimed to have 20% organically managed agricultural
land by the end of 2010 an aim that was almost achieved by mid-2010 when 19.7%
of the agricultural land was organic. On the opposite, the organic action plan launch in
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Table 5 Organic wheat yields (t ha™') in the surveyed countries

France Denmark Austria Italy Switzerland
Grain yield Min value 25 1.0 3.0 35 3.0
Grain yield Max value 5.0 4.0 5.5 6.0 6.5

France in 2007 aimed to have 10% organically managed agricultural land by the end
of 2012 when only 3% of the agricultural land was organic by the end-2010.

3.4.2 Yield, Price and Costs

In Europe, crop yield in organic farming are on average 60—70% of those under
conventional management (Padel and Lampkin 1994; David et al. 2005). However,
yield differences could be higher for intensive cereal crops such as organic wheat
where grain yields varied from 30 to 70% compared to the conventional yields.
Table 5 illustrates yield variability in the surveyed countries where conventional
wheat yields varied from 6 to 8.2 tha™! (source Eurostat).

Although some information is available, credible and systematic price information
is very scarce and collected mainly by non-government organizations or research
institutes. For instance, Hamm et al. (2002) collected data of several markets and
reported high price premiums for organic wheat. In the European Union, farmers
are receiving premiums for organic wheat from 30% up to 200% depending on
countries and sales channels. Prices for organic cereal used for human nutrition can
reach 100% above conventional prices, whereas the price increase for animal feed
is maximum 30%. Over the last 10 years, these premiums have fluctuated consider-
ably over time in coherence with the large variation observed on the world cereal
market. The premia of organic wheat reported from Austria and France are above
150%, about 50% in Switzerland, while the price level for conventional wheat is
high, and 30—40% in Denmark. The premium is around 80% in Italy where the
domestic market for organic food is not consolidated.

For the consumer, the premium of organic cereals is approximately 60% ranging
from 40% for whole wheat to 75% for flour. The farm gate prices also varied between
the different marketing channels, with prices realised via direct marketing (weekly
market or Community-Supported Agriculture initiatives) often being twice as
those received from supermarkets. On the other hand, costs strongly varied for the
different farming systems and marketing channels. Reduction of variable costs
could be achieved by restricted use and replacement of off-farm inputs, e.g. fertilizers
and pesticides, with on-farm sources, e.g. organic manures or N fixed crops. In gen-
eral, labour costs are 10-20% higher on organic arable farms than on comparable
conventional farms (Offermann and Nieberg 1999). Nonetheless, the labour per ha
UAA has been reduced in the latest years in organic arable systems because of
the increase in farm size and the development of labour-saving technology, e.g.
combined harrow and sowing techniques or mechanical weed control. On the
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Price for wheat flour (€/kg)

25
2 m
1.5 1
1 |
0.5 1
0 T - T 1 T :|_|
France Austria Denmark Italy
@ Organic Consumer price B Organic Farm-gate price
O Conventional Consumer price O Conventional Farm-gate price

Fig.1 Farm gate and consumer price for wheat flour in France, Austria, Denmark and Italy (From
European Commission 2005)

contrary, family farmers (e.g. extensive grains systems or some mixed farming
systems) have maintained their structure according to the family labour force. The
greater importance of marketing and processing (e.g. direct sale of wheat flour)
on organic farms may imply higher investments. Offermann and Nieberg (2000)
concluded that high profits observed in organic arable farms relative to comparable
conventional farms were essentially due to high prices offered to organic products.
Nonetheless, the large difference between farm-gate and consumer price for organic
products strongly limit the development and expansion of the organic cereal sector.
Figure 1 shows that in France and Italy, large price increases of organic products are
realised within the market chain, but not at farm level.

The key question is whether the relative profitability of organic wheat will still
be maintained if the premium paid by consumers is reduced. First, it depends on the
combined growth in consumer demand and production level, which should result in
upward price pressure on organic foods in comparison to the likely decline in pro-
duction costs. Secondly, it is also determined by direct policy support compensating
yield gap. Finally, the profitability of organic grains should be also guaranteed by
the improvement of yield performance compensating the decline of the price pre-
mium (IFOAM 2009).

On-farm wheat processing is also a valuable option to improve profitability.
Processing can range from cleaning and packaging to milling flour or to producing
baked goods from the grains. Adding value also adds additional costs. Depending
on the type of activity, the producer may need to make considerable investments in
equipment and time. Recently, organic farmers have innovated in new ways of direct
selling as Community-Supported Agriculture (CSA) initiatives or farmers shops.
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3.5 The Organic Wheat and Flour Market in Europe

In the last two decades, the market for organic foods has developed fast throughout
Europe. Organic products have been frequently associated with attributes such as
local origin and supply, small-scale units of production and direct selling from pro-
ducer to consumer. Nevertheless, at present organic markets are mainly based on
highly industrialised and concentrated units of production, distributed through
mainstream retail channels (Mette Wier and Carmen Calverley 2002). The organic
wheat and flour market has been diversified over time. In its early days, the organic
food market developed outside the conventional sales channels. Traditionally, direct
sales from producer to consumer and specialised shops (e.g. La Vie Claire in France,
NaturaSi in Italy) provided organic products for target consumers interested in non-
conventional products (whole food or healthy food). The quantities of organic
wheat-based products sold through these channels were often small, with only small
segments of consumers being reached. In the beginning of the 2000s, the develop-
ment was strongly supported by the wholesalers entering the organic market.
Supermarkets were important actors in developing sales through new (occasional
or regular) consumers. Therefore, the growing demand of organic cereals (Michelsen
et al. 1999) induced the arrival of new operators (e.g. bakers and industries) from
the conventional sector. Even though a mix of different sale channels can be found
in all European countries, these are not considered of equal importance. For instance,
the organic wheat-based market in Switzerland is mostly centralised by two
wholesalers (Migros and Coop), specialised shops are dominant in Austria while
a combination of the different sales is found in Italy, Denmark and France. The
present situation for sale channels in Switzerland and France is shown in Fig. 2.
Organic wheat production was traditionally traded mainly inside countries or with
neighbouring EU countries. In the recent years, the development of the domestic
market in Western European countries has limited exports, mainly from Germany

France B Bakers % Switzerland

B Supermarkets %
O Direct selling %
O Biscuit factories %

Fig. 2 Rate of the different sale channels of organic wheat-based products in Switzerland and
France (Source: Data 2007 of the Federal Statistical Office, Switzerland; Data 2007 for France in
David and Joud 2008)
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and Italy, and increased imports from other countries. The grain trade has recently
increased between Western European countries and Eastern European countries,
including important exporters like Romania, Hungary and Czech Republic.

3.6 Technical Issues

Organic farming systems face a number of technical challenges, particularly related
to crop nutrition, weed (Barberi 2002), pest and disease management (van Bruggen
1995). Organic wheat is affected by regular agronomic and climatic limiting factors
(Casagrande et al. 2009; David et al. 2005). Currently, weeds are considered to be
the most serious threat in organic wheat production while diseases and pests are of
relatively minor concern. In a survey of 32 growers of organic winter wheat, Taylor
etal. (2001) reported that the major problem was perceived to be weeds (75%), with
diseases and pests to be of relatively minor concern (19 and 9%, respectively). Fear
of ineffective weed control is also perceived by the farmers as one of the major
obstacles for conversion from conventional to organic production (Albrecht 2005).
The productivity of organic wheat is also restricted by the limited supply of N
(David et al. 2005; Olesen et al. 2002). By choosing cultivars with good disease
resistance, the organic farmer should be able to keep disease problems within
acceptable limits. However, the choice of suitable cultivars for organic wheat is still
limited, as plant breeding has been largely directed at providing cultivars adapted to
conventional farming (Phillips and Wolfe 2005). Moreover, for the organic grower,
disease resistance is only one aspect to be considered and choice of cultivars may be
strongly influenced by other factors such as grain quality, ability to compete with
weeds, N use efficiency and availability of organically produced seed. On-going
research currently evaluate performance of composite cross populations compared
with pure lines to buffer the population against a wide range of environmental
variation recently observed with global climate change (Wolfe et al. 2008).
Organic cereal production has a greater reliance on organic sources and internal
cycling of N (Watson et al. 2002; Dawson et al. 2008) than conventional cropping.
The absence or limited proportion of forage or cash crop legumes in some farming
systems as well as the decline of animals on farm increase the risk of N deficiency
on crops with high N-demand as winter wheat. Changes in the regulation of organic
standards have limited the use of fresh manure or slurry from conventional farms.
As an example, current regulations on organic farming in Denmark allow arable
farmers to add up to 70 kg total N total ha™! in form of conventional manure. Swiss
farmers are not longer to apply conventional manure causing regular N deficiency.
The lack of synchronization of crop nitrogen requirements and availability of soil
nitrogen (N) from organic matter and materials, such as crop residues, green manures
and composts, is known to affect wheat yield and quality. There is a crucial challenge
to improve N use efficiency through genetic improvement (Le Gouis et al. 2000;
Dawson et al. 2008), to adapt fertilizer management for organic fertilizers and,
finally, to develop decision-support systems for N management (David et al. 2005).
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Photo 1 Undersowing clover in winter wheat (Source F Celette)

Innovative cropping systems have to be designed to reduce the need of external inputs
and limit energy consumption. For instance, cereal-legume mixed crops are often
used in organic farming as an efficient way to reduce the need of external N inputs
(Jensen 1996). Legumes and non-legumes may complement each other in the use of
N sources since although both use soil inorganic N sources (Corre-Hellou et al. 2006;
Gooding et al. 2008). In cereal-grain legume intercrops, the satisfaction of grain N
demand is improved by increasing soil N availability per plant while legumes rely
mainly on N, fixation. Cereal-legume mixed crops are also better competitive against
weeds than legume sole crops (Hauggaard-Nielsen et al. 2001) (Photo 1).

Spatial diversification by intercropping systems can provide benefits, summa-
rized by Vandermeer (1989) and Malezieux et al. (2008), as increased productivity
and stability, better use of resources, reduction of losses due to pests, diseases and
weeds, and higher economic gain.

In organic farming systems, frequent mechanical treatments (seedbed prepara-
tion, weed control, N application) could increase risk of soil compaction and loss
of soil microbial activity whereas soil quality is essential to preserve long term
fertility. The adoption of conservation tillage may on some soils decrease mechanical
treatments and improve soil fertility (Peigné et al. 2007).

3.7 Mycotoxin Contamination

The presence of mycotoxins is a major concern for wheat growers. In conven-
tional agriculture, fungicides applied at specific times during grain development
may reduce the occurrence of the mycotoxin producing pathogens Fusarium
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spp- In organic systems, specific control strategies include diverse crop rotation
with limited cereal proportion, frequent ploughing, reduced nitrogen fertilisa-
tion levels, selection of resistant genotypes and the use of variety mixtures with
variable flowering dates to limit risk of ear disease. Organic wheat might be
expected to be more susceptible to mycotoxins because it is not treated with
fungicides. However, several authors (Birzele et al. 1998; Schollenberger et al.
2002; Vanova et al. 2008) found that the concentration of deoxynivalenol (DON)
in organically produced wheat was not greater than the DON concentration in
wheat produced by integrated or conventional management. The degree of toxin
contamination of wheat flour increases with increasing ash content (Trigo-Stockli
et al. 1996). Since the fungal growth is concentrated in the hull, the processing
methods that remove different outer layers of the grain may reduce the degree
of mycotoxin contamination.

3.8 Bread Making Quality of Organic Wheat

When comparing organic and conventional wheat, various authors have shown
lower protein content (Gooding et al. 1993; Poutala et al. 1994; Woese et al. 1997,
Carcea et al. 2006; Mider et al. 2007; Zorb et al. 2009), gluten, dough mixing
tolerance, and loaf volume (Feil and Stamp 1993; Annett et al. 2007). Haglund
et al. (1998) emphasized that, regardless of the cultivation system used, whole-
meal flour with protein content lower than 12% required less mixing for optimum
dough development. As a consequence, small-scale bakers adapt their baking pro-
cesses to organically grown flours with low protein content. Additionally, organic
flours are more frequently used for wholemeal bread than conventional flours.
Requirements regarding proteins contents are less for whole-meal products than
for refined white flour. Although organic agricultural practices vary widely, geno-
type selection and optimum management of N fertilization can yield wheat protein
content similar to that obtained with synthetic fertilizers (Gooding et al. 1993;
Salomonsson et al. 1995; Kleijer and Schwérzel 2006). For organically grown
wheat, several authors (Salomonsson and Larsson-Raznikiewicz 1985; Lu et al.
2005; Zorb et al. 2009) attributed the decrease of acetic acid insoluble glutenins to
N shortages in the heading period before flowering. During this period, the mineral-
ization of compost or residues from N fixing preceding crop was too low and
resulted in lower-than-expected elastic properties and loaf volume. Late, organic
fertilization with a low level of N (under 100 kg Nha™') may give more gluten and
higher loaf volume if the N input is efficiently used (Wirries and Biining-Pfaue
1995; David et al. 2004). Besides protein quantity, protein quality and baking per-
formance could be affected by N nutrition. Technological ways of milling and
baking process may also influence baking quality of organic bread. For instance,
milling yield strongly influences flour characteristics and baking value of roller
milled flour (unpublished data from Agtec-Org).
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Photo 2 (a) Stone miller (b) Roller miller (Source INRA)

3.9 Nutritive Value

In several countries, consumption of bread made from organic wheat is linked to the
consumption of whole-meal bread (100% flour yield from grain). The nutritive
value of whole meal is generally considered superior to that of refined flour. AGTEC-
Org project demonstrated that stone milling improved nutritive value when charac-
teristics remain very stable independently of the milling yield (Photo 2).

Whole wheat grains are an excellent source of dietary fibre and various antioxi-
dants (flavonoids, phenolic acids, phytic acid, selenium, and vitamin E) because
these compounds are concentrated in bran and germ (Decker et al. 2002; Stracke
et al. 2009). However, more research is needed to evaluate the effect of health
beneficial secondary metabolites in organic cereals.

4 Conclusion

The production of organic bread wheat develops much slower than the demand from
consumers in Europe. From the late 1990s, demand for organic bread wheat coupled
with inadequate supply has resulted in record-level prices and significantly increased
imports. The organic bread wheat production should be secured from domestic
sources when imports from outside EU may introduce additional levels of economic
risk associated with transportation and quality.

Wheat yield in organic farming varied from 30 to 70% of yield of conventional
cropping when higher premia for organic wheat may to some extent compensate for
this. To maintain and expand organic wheat production, the crop management needs
to be optimized and the grain yield should be improved to become economically
more attractive to the farmers. First, there is a crucial need to maintain diversity
within cropping system, to support ecological health, control weeds and improve N
management by N fixing crops, while organic farmers are increasingly being



Organic Bread Wheat Production and Market in Europe 59

pressured by forces of the market to re-adopt the factory principles of specialization
and control (Kirchenmann 2000).

Bread wheat is grown in a variety of crop rotations and farming systems. Wheat
offers greatest comparative advantage relative to other crops, because of its ability
to control weed seed germination and improve soil quality through its deep rooting
growth habit and high root biomass. Nonetheless, it is essential to manage nutrient
nutrition and control annual and perennial harmful weeds. Premium price for special
quality can be obtained by optimized choice of genotype, crop rotations and adjusted
organic fertilizer inputs. In order to participate in the premium price of organic
wheat products, farmers may get involved in further processing and marketing.

There are no indications of increased risk of mycotoxin contamination in organic
wheat but different baking characteristics of organic wheat may require adaptation
of other baking processes than with conventional wheat. Organic wheat producers
will have to fulfil the technological needs of bakers; even the requirements are diverse,
in Europe, from small artisan bakers to large enterprises. Then, there is a need to
investigate the effect of different growing regimes and technological processes on
baking quality and performance.
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Organic Farming of Vegetables

Margit Olle and Ingrid H. Williams

Abstract Agriculture began organically. For many centuries, humans farmed without
synthetic biocides or inorganic fertilizers, relying on organic fertilizers derived
from plants and animals, and protecting crops from pests and diseases using natu-
rally-occurring materials. From the second half of the nineteenth century growers
around the world successfully developed and refined farming systems that relied on
synthetic biocides or inorganic fertilizers. However, during the past two or three
decades there has been a change once more towards organic cultivation. Here we
review the effects of organic cultivation on the production quantity and quality char-
acteristics of vegetables. Analyses of studies reported in the literature showed the
following: (1) Organic cultivation affected the growth of vegetables positively in
43% of studies and negatively in 57% of studies. (2) Organic cultivation affected
the yield of vegetables 59% positively, 29% negatively and 12% did not have any
significant influence. (3) Organically grown vegetables have, in most studies
(65%), better nutritional value than conventionally grown ones; 20% were not
significantly different and only in 15% was there a reduction in nutritional value.
Nitrate levels were lower in 86% of studies with organic cultivation and greater in
only 14% of studies. (4) Organic cultivation of vegetables uses a variety of methods
for disease and insect control: hot water, hot air and electron treatment, biological
seed treatment groups like microorganisms, plant extracts and inducers of resis-
tance, solarization for nematode control, biopesticides, insect net. (5) Weed control
is the most difficult part of vegetable production in organic cultivation. (6) Efficient
methods against weeds are tillage, mulching, flaming, hot water treatment. If the
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proper technology is used, the organic cultivation of vegetables is not so time- and
money-consuming and produces vegetables of better quality and nutritional value
with no pesticide residues.

Keywords Growth ¢ Nutritional quality ¢ Organic cultivation ¢ Plant protection
* Vegetables * Weeds control ¢ Yield

1 Introduction

Agriculture began organically. For many centuries, humans farmed without synthetic
biocides or inorganic fertilizers, relying on organic fertilizers derived from plants and
animals, and protecting crops and animals from pests and diseases using naturally-
occurring or minimally-processed materials (Kristiansen 2003). In 1842, Lawes
started the first factory for the manufacture of artificial fertilisers in the UK, and, in
1843, he together with the chemist Gilbert, initiated the first of a series of long-term
field experiments to measure the effect on crop yields of inorganic and organic ferti-
lisers; some of these continue to this day at Rothamsted Research. Together Lawes
and Gilbert laid the foundations of modern scientific agriculture and established the
principles of crop nutrition. Throughout the following century, growers around the
world successfully developed and refined farming systems that relied increasingly on
synthetic biocides or inorganic fertilizers. During the past two or three decades the
situation has begun to change. Increasing concerns about food quality, farm worker
health, rural development, and the environmental impacts of farming systems, for
example, have focused the attention of policy makers, consumers, researchers and
farmers on alternative productions systems, including organics (Kristiansen 2003).

Organic farming is estimated to be growing at 30% a year worldwide in response
to market forces (Ashley et al. 2007). The demand for certified organic produce,
especially vegetables, currently exceeds supply and, in many cases, produce attracts
premium prices (Ashley et al. 2007). Organic agricultural production is undergoing
a rapid transformation as the demand for healthier food and more environmentally-
sound production increases globally. Large producers are adopting organic practices
to meet the growing demand (Smukler et al. 2008).

Organic fertilizers offer many benefits for horticulture. Firstly, they release nutrients
slowly, which means that plants are fed over a long period. Secondly, this slow release
avoids over-feeding thus avoiding providing too much nitrogen, phosphorous or potas-
sium, all of which can be harmful in too high doses. Thirdly, they create a good envi-
ronment for beneficial soil organisms, such as earthworms, which improve the soil
structure by incorporating organic matter well down into the topsoil creating drainage
and air tunnels while so doing (Stein 2009).

In organic farming, a number of methods are used to maintain soil fertility. These
include: (1) crop rotation, which ensures that one crop does not deplete the soil of
the nutrients that it uses most; (2) cover crops to protect against soil erosion; (3) the
planting of special crops known as “green manures” that are ploughed back into the



Organic Farming of Vegetables 65

soil to enrich it; and (4) the addition of aged animal manures and plant wastes, also
known as compost, to the soil. The distinguishing feature of these fertility manage-
ment practices is the addition of organic matter to the soil, in the form of plant and
animal wastes, to preserve soil structure and provide food for soil microorganisms.
With these methods, plant nutrients are released slowly to the soil over time
(Worthington 2001).

Well-managed organic vegetable production systems can provide food security
and a healthy diet for humans, while being less harmful to the environment and
more efficient in natural resource use. According to the online literature survey by
Juroszek and Tsai (2008), tomato is the vegetable most commonly researched in
organic farming, followed by lettuce, carrot and cucumber.

The objective of this review is to give an overview of the effects of organic culti-
vation on the production quantity and quality characteristics of vegetables.

2 Germination and Growth

A germination survey of the first crop of radish showed that the germination ratio
was lower in an organic plot than in a plot with reduced agricultural chemicals
(Akira et al. 2003). The second germination survey compared mulch; organic mulch
was not practical because it resulted in a low germination ratio (Akira et al. 2003).

Lettuce seedlings grown with organic fertiliser showed an increased growth rate
compared to those grown with traditional fertiliser. By contrast, cabbage and
cauliflower seedlings grown with organic fertiliser showed a reduced growth rate
(Botrini et al. 2004). The optimum pH of growing media for lettuce in organic
cultivation was close to 6 and the optimum electrical conductivity (EC) was lower
than 2 dSm'. Increasing pH and especially EC reduced growth, and conductivity
about 3 dSm™! or higher had an inhibitory effect on growth when pH was about 7 or
higher (Loncaric et al. 2009). The impact of row covers on cucumber plant growth
was significant. Use of row covers increased vine length, flower count, leaf area
and leaf count (Nair and Ngouajio 2010). Soil amendment treatments consisted of
combinations of the following: poultry compost, poultry litter, dairy compost, dairy
manure, blood meal, feather meal, and Fertrell™ 5-5-3. Poultry compost resulted in
the greatest plant growth in all trials (Rauton 2007). Overall, organic cultivation
positively affected vegetable growth in 43% of studies from the literature and nega-
tively affected growth in 57% of studies.

3 Yield

Application of commercial organic fertilizer at the current recommended level of
151 kg/ha resulted in higher vegetable yields than application of commercial
inorganic fertilizer at the current recommended level of 660 kg/ha. The Ca and Mg
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Table 1 Effect of compost and mineral fertilizer treatments on the average yield and nitrates in
cucumbers harvested in 2007 and 2008

Treatment Fruit yield kg per plot (20 m?) Nitrates in fruits (mg/kg)
100% mineral N 112.5 92.7

100% mixed compost 10.8 0.0

100% plant compost 37.5 0.0

100% animal compost 10.5 0.0

Ftest L.S.D 0.05 **1.71 **1.85

**Significant between treatments at p <0.05 (Mahmoud et al. 2009)

Table 2 Annual yields (average value and standard deviation) for integrated and organically-
grown vegetables on sandy loam soil (L) and sand (A) during 1994-1998

(Organic/integrated)
Crop Yield (integrated) (t/ha)  Yield (organic) (t/ha)  yield ratio (%)
Cabbage (loam soil)  51.3+10.5 36.1+7.4 70
Carrot (sand) 47.2+13.7 38.8+12.8 82
Pea (loam soil) 45+1.2 3.6+1.2 80
Pea (sand) 2.8+0.6 2.4+04 85
Potato (sand) 31.4+£5.0 27.6+7.1 88

Fjelkner-Modig et al. (2000)

in the organic fertilizer, which are absent from the inorganic fertilizer, could have
contributed to the higher yield (Alimi et al. 2007). Organic treatments resulted in
higher carrot root production compared to conventional treatments (Bruno et al.
2007). Lettuce yield was significantly higher when organic fertilization was used,
compared to a mineral nutrient supply (Porto et al. 2008). Cabbage and tomato
yields produced in the organic system were higher than those in the conventional
system (Ma et al. 2009). Applications of compost led to higher marketable yields of
cucumber (Nair and Ngouajio 2010). All the associations of the lettuce and rocket
as well as their sole crop had better productive performance under the organic fer-
tilization and the regrowth of rocket increased the agronomic efficiency of the inter-
cropping system (Oliveira et al. 2010). Soil amendment treatments consisted of
combinations of the following: poultry compost, poultry litter, dairy compost, dairy
manure, blood meal, feather meal, and Fertrell™ 5-5-3; poultry compost resulted in
the greatest yield in all trials (Rauton 2007). Yield could be higher in organic culti-
vation of vegetables because organic management of soil fertility affects soil dynamics
and plant metabolism, resulting in differences in plant composition and nutritional
quality. Soil that has been managed organically has more microorganisms. These
produce many compounds that help plants, including substances such as citrate and
lactate that combine with soil minerals and make them more available to plant roots
(Worthington 2001).

Mahmoud et al. (2009) obtained lower yields of cucumber from organic treat-
ments than from conventional treatments (Table 1). Similarly organic onions gave
lower yields than those grown conventionally (Ashley et al. 2007). Examples of
yields of vegetables grown in integrated versus organic production systems are
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Table 3 Yield, dry matter, and content of nitrates and nitrites of Monanta carrots from organic and
intensive conventional farms in 1997 x+SD (average value and standard deviation)

Analyzed parameter in relation

to fresh mass Organic 1,n3=10 Conventional 2 ,n=10
Yield in autumn 1997 in t/ha 37.5+14.1a4 50.0£23.1a4

Dry matter (g/100 g) 11.55+0.84 a 11.10x£0.80 a

Nitrates (mg/kg) 52.2+36.8 a 209.7«x175.0b 5
Nitrites (mg/kg) 0.57x0.42 a 1.06£0.42b

Rembialkowska (2003)

(1) Torun and Plock provinces

(2) Warszawa province

(3) n number of samples; 1 sample =result for 1 farm

(4) Values in the same rows marked with the same letters do not differ significantly

(5) Values in the same rows marked with different letters are statistically significantly different

presented in Table 2 (Fjelkner-Modig et al. 2000). Boteva and Rankov (2007)
found that plant mass was greatest in head lettuce varieties, when cultivated on
alluvial-meadow soil after fertilizing with 10 t/da farmyard manure, and for celery-
lettuce varieties after fertilization with 15 t/da (treatments were: 0, 1, 5, 10, 15 and
20 t/da farmyard manure). Cabbage and cauliflower seedlings grown with organic
fertiliser had lower fresh weight compared with traditional fertilization, particularly
at the end of growth period (Botrini et al. 2004). The marketable yield of onions
grown with chemical fertilizer was 64.5 t ha™!, while that of onions grown with
organic fertilizer (applied six times in February and March) was 46.4 t ha™!, i.e. a
28% reduction (Lee et al. 2009). Conventional treatment also gave higher yields
than organic in tomato and French bean (Thakur et al. 2010); this may be due
to chemical fertilizers containing a few mineral substances, principally nitrogen,
potassium and phosphorus and the addition sometimes of trace minerals. These
fertilizers dissolve easily in the water present in soil (Worthington 2001).

The foliar application of seaweeds, a mixture of compost tea and argan by-product,
and a mixture of seaweeds and Argan by-products had no effect on the quantity of
bean, eggplant, tomato and melon crops produced (Bourgol 2005). Spent mushroom
(Pleurotus ostreatus) cultivation substrate and mature compost amendments showed
no significant effect on cucumber production (Ehaliotis et al. 2005). Rembialkowska
(2003) found no significant differences in yield of carrots grown with organic vs.
conventional cultivation (Table 3).

High application rates of mature compost, however, in a more fertile soil, resulted
in yields comparable to those obtained with sheep manure (Ehaliotis et al. 2005);
application of sheep manure almost doubled cucumber production compared to the
control (non-amended soil), whereas application of plain seaweed reduced it by
40% (Ehaliotis et al. 2005). Four organic transition strategies including tilled fallow,
mixed-species hay, low intensity open-field vegetable production and intensive
vegetable production under high tunnels, each with and without annual compost
amendment, were analyzed for nematode communities and soil properties. In this
study, tomato yield under high tunnels plots exceeded yield in other treatments
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Table4 Key items of nutritional and sanitary value of organic compared with conventional
vegetables

Increased contents Reduced contents Comparable contents

Dry matter Pesticide residues (mostly =~ Most minerals
absent)

Some minerals (iron, magnesium) Nitrates Beta-carotene

Anti-oxidants: Vitamin C
(potatoes), Polyphenols in
vegetables, Salicylic acid in
vegetables

Lairon (2010)

Table 5 Numbers of studies of organic crops shown to have higher, lower or equal nutrient content
compared with conventionally grown crops

Nutrient Higher Equal Lower
Reviewer Woese Heaton Woese Heaton Woese Heaton
Protein quality 3 - 0 - 0 -
Nitrate 5 0 10 2 25 14
Vitamin C 21 7 12 6 3 0
B-carotene 5 - 5 - 3 -
B-vitamins 2 - 12 - 2 -
Calcium 21 - 20 - 6 -
Magnesium 17 - 24 - 4 -
Iron 15 - 14 - 6 -
Zinc 4 - 9 - 3 -
Minerals - 7 - 6 - 1
Dry matter - 10 - 8 - 1
Bordeleau (2002)

potentially due to the season extension and higher N availability (Briar et al. 2011).
The high tunnel growing strategy increased tomato yield. The results showed that
the type of fertilizer applied significantly affected yield of lettuce (Masarirambi
et al. 2010). Organic cultivation affected the yield of vegetables 59% positively,
29% negatively and 12% did not have any significant influence.

4 Nutritional Quality

The nutritional and sanitary value of organic compared with conventional vegetables
can be found in Table 4 (Lairon 2010). Table 5 gives results from studies of organic
crops shown to have higher, lower or equal nutrient content compared with conven-
tionally grown crops (Bordeleau et al. 2002). For leafy vegetables as well as for root
vegetables and tubers, a trend for higher dry matter content in organic foodstuffs has
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been found while no significant difference has been obtained for fruit vegetables
(Lairon 2010). Similarly, organically grown crops had higher dry matter content than
integrated grown crops (Fjelkner-Modig et al. 2000). Organically grown cucumber
contained higher dry matter (Ma et al. 2009). On the other hand, no statistical differ-
ence was observed in the percentage of dry matter among the following different
treatments: control (no fertilization), chemical fertilization, chicken manure, cattle
manure, worm manure, and organic compost, with the exception of the value observed
at the organic compost treatment, which was the lowest (3.7%) (Abreu et al. 2010).
Contrary to the findings of Lairon (2010), cabbage and cauliflower seedlings grown
with organic fertilizer showed a reduction of dry weight compared with traditional
fertilization, particularly at the end of growth period (Botrini et al. 2004).

Regarding vegetables (carrot, beetroot, lettuce, kale, leek, turnip, onion, celeriac
and tomato) a trend has been observed for higher levels of iron and magnesium
expressed on a nutritional quality and safety of organic food (Lairon 2010). Lettuce
seedlings grown with organic fertiliser had a higher N and K uptake than those
grown with traditional fertilisation. By contrast, cabbage and cauliflower seedlings
grown with organic fertiliser showed a reduction of nutrient content, particularly at
the end of growth period (Botrini et al. 2004).

Cabbage and cauliflower seedlings grown with organic fertiliser showed a reduc-
tion of chlorophyll content compared with traditional fertilization, particularly
at the end of the growth period (Botrini et al. 2004). Regarding water-soluble
vitamins, the most studied has been Vitamin C (ascorbic acid), a key vitamin for
which higher daily intakes are recommended. Studies on tomato, celeriac and kale
showed higher vitamin C levels in organically-grown products. In contrast, no
difference was found during studies in leek, carrot or beetroot (Lairon 2010). The
vitamin C content of an organic fruit or vegetable is 27% more, on average, than a
comparable conventionally grown fruit or vegetable (Worthington 2001). Similarly,
in leafy vegetables, leaf concentrations of vitamin C were significantly higher in
organic-fertilized than in chemically-fertilized vegetables (Xu et al. 2003). By
contrast, the vitamin C content was not influenced by the growing system in the
study of Fjelkner-Modig et al. (2000). These results may be due to the vitamin con-
tent of a plant depending on a number of factors such as climate, genetic properties,
fertilizer and soil. Organically grown cucumber contained higher vitamin C (Ma
et al. 2009). Nitrogen from any kind of fertilizer affects the amounts of vitamin C
and nitrates as well as the quantity and quality of protein produced by plants. When
aplant is presented with a lot of nitrogen, it increases protein production and reduces
carbohydrate production. Because vitamin C is made from carbohydrates, the
synthesis of vitamin C is reduced also. Because organically managed soils generally
present plants with lower amounts of nitrogen than chemically fertilized soils, it
would be expected that organic crops would have more vitamin C, less nitrates and
less protein but of a higher quality than comparable conventional crops (Worthington
2001). Conventionally grown carrots showed higher content of nitrates than organic
carrots (Rembialkowska 2003; Table 3). Mahmoud et al. (2009) found that nitrates
were present in conventionally grown cucumber fruits but absent from those grown
organically (Table 1).
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Table 6 Differences in nutrient content between organic and conventional vegetables: mean percent
difference for four nutrients in five frequently studies vegetables

Nutrient*
Vegetable Vitamin C Iron Magnesium Phosphorus
Lettuce +17 +17 +29 +14
Spinach +52 +25 -13 +14
Carrot -6 +12 +69 +13
Potato +22 +21 +5 0
Cabbage +43 +41 +40 +22

Worthington (2001)
2Plus and minus signs refer to conventional crops as the baseline for comparison. For example,
vitamin C is 17.0% more abundant in organic lettuce (conventional 100%, organic 117%)

Fat-soluble vitamin and carotenoid contents have been the subjects of some studies.
A review of 27 related studies reported fB-carotene levels in vegetables with no
noticeable differences found overall between organic and conventional foodstuffs.
By contrast, a positive relationship between N-fertilization and B-carotene levels
has been reported in carrots, while a recent study on organic vs. conventional toma-
toes showed higher contents of -carotene in the former (Lairon 2010). Organically
grown cucumber contained higher sugar (Ma et al. 2009). In leafy vegetables, leaf
concentrations of sugars were significantly higher in organic-fertilized than in
chemical-fertilized vegetables (Xu et al. 2003).

Depending on season, organic vegetables overall may contain at least 30-50%
less nitrates than conventional ones (Worthington 2001; Porto et al. 2008; Lairon
2010). This was confirmed by a lower nitrate content of plants when the percentage
of organic N increased (Mahmoud et al. 2009). The analysis of the scientific litera-
ture showed that, in most of the experiments, nitrate content clearly reduced by
using organic procedures (Pimpini et al. 2005). In leafy vegetables, leaf concentra-
tions of nitrate were lower in organic-fertilized than in chemical-fertilized vegeta-
bles (Xu et al. 2003).

Muramoto (1999) concluded the following from his research:

1. Nitrate levels exceed the maximum levels specified by European Commission
Regulation much more often in conventional than in organic spinach.

2. Nitrate levels tend to be higher in organic spinach grown using guano and Chilean
nitrate than in spinach grown using compost.

3. Nitrate levels in spinach are affected by the rate and type of nitrogen fertilizer
applied, and also by soil nitrification activity, soil texture, and harvest time.

4. Organic growers may reduce nitrate concentration in spinach using methods
such as pre-plant soil nitrate testing, compost based fertility management, after-
noon to evening harvest, and petiole removal.

5. Nitrate levels in California-sampled Iceberg and Romaine lettuce are safe regard-
less of season and farming practice.

Organic crops contained significantly more iron, magnesium, and phosphorus than
conventional crops (Worthington 2001). Differences in the nutritional content between
organic and conventional vegetables can be seen in Table 6 (Worthington 2001). Plants
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Fig. 1 Photos of organic carrot and organic red beet experiments in Estonia in Kurenurme in
August 2011. Experiments were carried through on the fields of self-employed entrepreneur Galina
Rehkli (Photos are taken by Margit Olle)

produced by bounce back compost were higher in Ca, Fe and Zn contents on a fresh
mass basis than plants produced by cattle manure, followed by those produced using
inorganic fertilizers and lastly chicken manure (Masarirambi et al. 2010).

Potassium fertilizer can reduce the magnesium content and indirectly the phos-
phorus content of at least some plants. When potassium is added to soil, less
magnesium is absorbed by plants and because phosphorus absorption depends on
magnesium, less phosphorus is absorbed as well. Potassium is presented to plants
differently by organic and conventional systems. Conventional potassium fertilizers
dissolve readily in soil water presenting plants with large quantities of potassium
while organically managed soils hold moderate quantities of both potassium and
magnesium in the root zone of the plant. Given these plant responses, it would be
expected that organic crops would contain larger amounts of magnesium and phos-
phorus than comparable conventional crops (Worthington 2001).

This study shows that alternative, organic fertilizers have similar or even better
positive effects than farmyard manure and that they can contribute to the improvement
of the nutritional value of the vegetables produced (Pavla and Pokluda 2008).

Organically grown vegetables have, in most cases (65%), better nutritional value
than conventional ones. Fifteen percent of cases showed a reduction in nutritional
value and 20% results were not significantly influenced. 86% of results showed a
reduction and 14% of results showed an increase in nitrate levels in organic
cultivation.

5 Plant Protection

Organic carrot and red beet experiments in Kurenurme, Estonia in 2011 produced
very good quality crops with almost no disease and insect attack on plants (Fig. 1).
Tomato spotted wilt was the most important disease in the organic tomato cropping
system, resulting in smaller plant development, fewer flower clusters and lower
yield. In the conventional tomato cropping system, the disease was kept under control,
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and the population of thrips, the virus vector, occurred at lower levels than in the
organic tomato cropping system (Bettiol et al. 2004). Downy mildew incidence was
similar between treatments with fertilizer and no fertilizer. Mineral fertilization did
notincrease downy mildew incidence compared to the organic treatments (Goncalves
et al. 2004). Overall, the physical seed treatments (hot water, hot air and electron
treatment) resulted in a moderate to good control of the respective diseases. Also,
from all biological seed treatment groups (microorganisms, plant extracts and inducers
of resistance) candidates with promising control properties could be identified. The
influence of the biological methods on emergence was often more prominent under
greenhouse than under field conditions (Schmitt et al. 2006).

The nematophagous fungus, Pochonia chlamydosporia (Goddard) Zare & Gams,
has been investigated as a potential biological control agent for use in integrated
pest management strategies for Meloidogyne incognita (Kof & White) Chitwood
in vegetable crops. The fungus significantly reduced nematode infestations in soil
following a tomato crop, in a strategy that combined the use of the fungus with crop
rotation (Atkins et al. 2003). Solarization associated with organic fertilization has
potential to be used in nematode control and to reduce the need for application of
pesticides (Silva et al. 2006).

The incidence of thrips on onions was similar between fertilized and not fertilized
treatments. Treatments with mineral fertilization presented the same incidence of
thrips on onions when compared to organic fertilization (Goncalves and Silva 2003).
Results from one study suggest that a combination of using reflective mulch and host
plant resistance can additively suppress whitefly infestations, which have particular
importance in the fast-growing organic vegetable production industry (Simmons
et al. 2010).

There are control methods for disease and insect control in organic cultivation of
vegetables (hot water, hot air and electron treatment, biological seed treatment
groups like microorganisms, plant extracts and inducers of resistance, solarization
for nematode control, biopesticides, insect net).

6 Weed Control

Weed management is a major constraint in organic production. It can be expensive
and time-consuming and severe crop yield losses may be incurred when weeds are
not adequately controlled. Research on organic weed management in herb and
vegetable production is increasing internationally (Kristiansen 2003).

There are several ways to control weeds in organic vegetable production
(Table 7). Nowadays, corn gluten meal is used in organic cultivation systems for
weed control (Anonymous 2006). Corn gluten meal is a non-selective pre-emergence
or preplant-incorporated herbicide that inhibits root development, decreases shoot
length, and reduces plant survival. The development of a mechanized application
system for the banded placement of corn gluten meal between crop rows (seed row
not treated) has increased its potential use in organic vegetable production, especially
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Table 7 Summary of direct (or physical) and indirect (or cultural) weed control practices used

in organic herb and vegetable production

Direct/physical methods

Indirect/cultural methods

Tillage: mechanical cultivation of soil before
and during the cropping phase

Hand weeding: manually hoeing or pulling
weeds

Mulching: organic materials normally
used, use of woven plastic ‘weed mat’
is restricted

Slashing: slashing or mowing using hand-
operated or tractor-mounted implements

Grazing: a wide range animals used, usually
in rotation, rarely within cropping phase
(e.g. poultry)

Biological control: classical; inundative,
mycoherbicides methods available

Solarisation: requirements to be effective,
limitations (e.g. selective control only)

Thermal methods: various flame, steam, hot
water, infra red implements used, use of
burning is restricted

Rotation: varying crops, cover crops, fallows
and grazing over time

Cover crops: green manure or other crop
grown in fallow period to suppress weed
growth by competition and allelopathy

Prevention: reducing weed seedling numbers
prior to cropping phase, and avoiding weed
seed production at all times

Timing: strategic timing of planting/sowing,
tillage, fertilizing and irrigating, plant-back
after cover crop

Planting density: increased usually, but some
crops (e.g. cotton) use wider spacing to
allow access for tillage implements

Intercropping: growing two or more crops in
close proximity to improve resource capture

Crop and cultivar selection: sow vs.
transplant, growth rate, canopy density &
closure

Precision placement: irrigation and fertilizer
applied close to crop (e.g. drippers)

Soil management: modify pH, fertility and
specific nutrients

Kristiansen (2003)

in direct-seeded vegetables. This research determined that a corn gluten meal free
planting strip (corn gluten meal applied between crop rows) provided increase crop
safety for direct-seeded squash compared with broadcast applications. Furthermore,
these results have implications for all direct-seeded organic vegetable crops once
the optimum corn gluten meal (CGM) application rates and corn gluten meal free
strip width can be determined for specific vegetables to maximize crop safety,
yields, and weed control efficacy (Webber et al. 2010). Webber and Schrefler (2006)
added that the granulated formulation worked well at all application rates and
application configurations. The powdered CGM did not flow easily, and its delivery
was inconsistent and unreliable when used in the solid application configuration.
In addition more effective methods against weeds can be found: (1) Six methods
of stale seedbed preparation were compared on certified and transitional organic
land (Boyd et al. 2006). The flamer and the clove oil herbicide had the lowest number
of weeds emerging with the crop following stale seedbed formation. (2) Field exper-
iments were conducted from 1998 to 2000 to study the effect of summer cover crop
and in-season management system on weed infestations in lettuce. The results
indicate that prior summer cover crops can improve both conventional and organic
vegetable production systems (Ngouajio et al. 2003). (3) Ammonium nonanoate
provided consistent control of weeds across a large range of application volumes.
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The results indicate that ammonium nonanoate has excellent potential as an organic
herbicide (Webber et al. 2011).

Weed control is the most difficult part of vegetable production in organic culti-
vation. Good methods against weeds can be: tillage, mulching, flaming and hot
water treatment.

7 Conclusion

Findings from the literature suggest the following: (1) The growth of vegetables
was affected positively in 43% and negatively in 57% of all studied cases from the
literature on organic cultivation. (2) Organic cultivation affected the yield of veg-
etables 59% positively, 29% negatively and 12% did not have any significant
influence. (3) Organically grown vegetables have, in most cases (65%), better
nutritional value than conventional ones. Fifteen percent cases showed a reduction
in nutritional value and 20% of results were not significantly influenced. 86% of
results showed reduction and 14% of results showed an increase in nitrate levels in
organic cultivation. (4) Methods are available for disease and insect control in
organic cultivation of vegetables (hot water, hot air and electron treatment, biological
seed treatment groups like microorganisms, plant extracts and inducers of resis-
tance, solarization for nematode control, biopesticides, insect net). (5) Weed control
is the most difficult part of vegetable production in organic cultivation. (6) Good
methods against weeds include tillage, mulching, flaming and hot water treatment.
If the proper technology is used the organic cultivation of vegetables is not so
time- and money-consuming and the trend is that, with organic cultivation, vegetables
with better quality and better nutritional value with no pesticides residues can
be produced.
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Biomass Gasification Crops for the Climatic
Range of New Zealand
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Abstract Plant biomass can be used for multiple forms of bioenergy and there is a
very large potential supply, depending on which global assessment is most accurate
with regard to land area that could be available for biomass production. The most
suitable plant species must be identified before the potential biomass production in
a particular region can be quantified. This in turn depends on the degree of climatic
adaptation by those plant species. In the range of climates present in New Zealand
biomass crop growth has less restriction due to water deficit or low winter tempera-
ture than in most world regions. Biomass production for energy use in New Zealand
would be best utilised as transport fuel since 70% of the country’s electricity gen-
eration is already renewable, but nearly all of its transport fossil fuel is imported.
There is a good economic development case for transport biofuel production using
waste streams and biomass crops. One promising conversion technology is ther-
mochemical gasification.

This review identified the most suitable crop species and assessed their produc-
tion potential for use as the feedstock to supply a gasification plant making biofuel,
within the climatic range present in New Zealand. Information from published work
was used as a basis for selecting appropriate crops in a 2-year selection and evalua-
tion process. Where there were knowledge gaps, the location-specific selections
were further evaluated by field measurements, by distinguishing three categories of
growth habit (perennials, summer and winter annuals), by identifying a high-yielding
benchmark species for each category and by the use of crop models to simulate
yields in ‘marginal’ site conditions. This review demonstrates how these elements
constitute a methodological tool to quantify the rapid screening and ranking of
species. The data presented have superseded much of the speculative information
on suitability of species for the potential development of a biofuel industry.
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1 Introduction

Plant biomass can be used for multiple forms of bioenergy and there is a very large
potential supply, e.g., the Billion Ton Study in the USA (U.S. Dept of Energy 2011;
Boundy et al. 2010) and in the EU a study by the European Environmental Agency
(EEA 2006) that expressed the primary biomass potential in energy units (Joules)
and also million tons of oil equivalent per year. Global scale assessments of how
much land will be available for biomass production were reviewed in 2005 (Lemus
and Lal) and updated in recent years (Beringer et al. 2011). This review is focused
on identifying the most suitable crop species and assessing their production potential
for use as bioenergy feedstocks within the climatic range present in New Zealand.

The context for bioenergy development in New Zealand is that roughly 70% of
the country’s electricity generation is already renewable, but nearly all of its trans-
port fuel is imported (NZ Energy Data File 2011). The country faces rising costs
and less certain supply of fossil transport fuels. The most compelling use for
purpose-grown biomass is therefore its conversion to transport biofuels, as opposed
to heat and electrical energy (Hall and Gifford 2007). Furthermore, New Zealand
uses very little coal, so replacing transport fossil fuel is also the best way to reduce
greenhouse gas emissions, apart from agricultural ruminant methane. The current
government is interested in new energy sources that offer economic development
opportunities. The government’s New Zealand Energy Strategy has, therefore,
incorporated components of the New Zealand Bioenergy Strategy (BANZ 2011), a
document by the Bioenergy Association of New Zealand that makes the economic
development case for the use of bioenergy using waste streams and biomass crops.

Among the ‘biomass to biofuel’ conversion technologies, thermochemical
gasification is one that is developing well (van der Drift et al. 2000; Franco et al.
2009; Pang 2011; Rauch 2011). It differs from the biological process of biogas
production by anaerobic digestion and has been used in the past with either coal or
wood as its bioresource/feedstock. This review will assess the use of herbaceous
plant species for biomass production within the New Zealand climatic range for the
specific end use of thermochemical gasification to produce biofuels.

The products of gasification in Fig. 1 (Rauch 2011) are hydrogen and carbon
monoxide, created at specific high temperatures in the absence of oxygen and with
careful control of feedstock transit time. This gaseous mixture, once known as ‘pro-
ducer gas’, is now called syngas or product gas. It can be used as engine fuel in
gaseous form or converted to synthetic liquid fuel, either diesel or petrol. The pro-
cess has been referred to as ‘biomass to syngas to liquid fuel’ or BTSL (Pang 2011).
The syngas is converted to synthetic diesel via the Fischer-Tropsch thermochemical
process, which is also being advanced by current research.
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Fig.1 Working principle of the fast internal circulating fluidized bed (FICFB) gasifier with steam
as gasification agent, such as used at the Gussing, Austria plant (Figure courtesy of the Vienna
University of Technology (www.fictb.at))

This chapter is primarily a literature review with supporting local assessments to
select the best herbaceous crop or weed species, within the context of New Zealand
soil types and climatic range that would provided suitable biomass resource for a
gasification plant.

The initial literature review was conducted from 2008 to 2010 during which time
other activities were also completed to fill the knowledge gaps for species and
cultivars not previously tested in New Zealand. We developed estimates of species
ranking if grown in ‘marginal’ sites. This type of land, while lower yielding, is
considered more suitable for achieving sustainability objectives.

This paper includes a section that describes the procedure we used to select the
best species from the long list of candidates in a time-efficient manner, since highly
definitive field trials in the range of climates would require a decade or longer; the
section therefore has more aspects of a ‘Methods’ paper than would usually be
found in a review.

This review and screening process has identified a ‘short list’ of the most
promising non-woody species for biomass production and generation of biofuel in
New Zealand. The details of their final selection and subsequent field trials will be
the subject of a following research paper.

2 Benefits of Biomass for Energy

2.1 Security of Energy Supply

It is a given that an energy supply based on use of non-renewable fossil fuels is not
sustainable in the long term. Since this review has a geographical focus, it is relevant
that New Zealand imports 97.5% of the oil and petroleum-based liquid fuels it
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consumes (New Zealand Energy Data File 2011) and therefore also has a security
issue related to such delivery. This could arise even before the world petroleum supply
is depleted, such that alternative domestic fuel production would be required. Oil is
also produced from New Zealand wells, but 95% is bound by export contracts.

2.2 Greenhouse Gas Reduction

Given the strong evidence for anthropogenic contributions to climate change, the
displacement of fossil fuels is a technology change that will be beneficial and prob-
ably critical to future-proof current and following generations. This is the basis for
active bioenergy research programmes internationally. One study considered the
aspect of carbon sequestration from growing perennial energy crops in degraded
land (Lemus and Lal 2005). The beneficial impact on net greenhouse gas emissions
would be from both carbon sequestration and use of the biomass to replace fossil
fuels. The latter aspect was also assessed in a 2004 study (Clifton-Brown et al.).

2.3 Energy Crop Research

Energy crops were a topic of considerable interest after the global 1970s oil supply/
price crises. Some research continued and it has greatly increased with oil price
rises/spikes in recent years. Large research programmes are in progress by the
International Energy Agency (Sims et al. 2008) and its Bioenergy division (Bauen
et al. 2009; Fritsche et al. 2009; IEA Bioenergy Executive Committee 2009); in
Europe (Amon et al. 2007; Ceotto and Di Candilo 2010) and in the USA Biomass
Program and biofuel programmes (Perlack et al. 2005; U.S. Dept of Energy 2011;
Propheter et al. 2010; Propheter and Staggenborg 2010). Bioenergy programmes
are also being set up in the larger developing countries like Brazil (Brito Cruz 2009)
and China (Li 2010). Increased research emphasis in the USA is also being placed on
breeding of species to enhance their traits as biomass crops (Simmons et al. 2008).
Archontoulis (2011) has noted that most published experimental data from energy
crops is quite recent. While species already grown for agricultural uses are well under-
stood in terms of their physiological and agronomic aspects, newer biomass crops
especially those that could be classes as ‘weed’ species are less well described.

2.3.1 Agronomic Aspects

Much of the research emphasis on new biomass species has been on agronomic
aspects of their production. Several reports, with a focus on dry mass yield, suggest
there is a good potential to produce fuels and other types of energy from biomass
crops. The range of species being researched in Europe include hemp, kenaf, maize,
sorghum (Amaducci et al. 2000; Zegada-Lizarazu et al. 2010) and cardoon (Angelini
et al. 2009). Cropping systems research includes energy crops in rotations, some of
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them dual-purpose species (Zegada-Lizarazu and Monti 2011) and mixed food/
energy crop systems that also use food crop residues for energy (Amon et al. 2007;
Karpenstein-Machan 2001). Improved tillage practices can have a positive environ-
mental benefit, as will be considered in Sect. 3. Changing from conventional
tillage to no-till is shown to enhance C sequestration and decrease CO, emissions
(West and Marland 2002).

2.3.2 Physiological Aspects

A deeper understanding of new biomass species through physiological research will
enhance agronomic practices with these crops. Examples are research characterising
the mechanisms of crop response to water and nutrients. Such papers are covered is
previous reviews (Bessou et al. 2010) and physiological aspects are reported in sev-
eral recent research papers on the newer biomass species, for example cynara, kenaf
and sunflower (Archontoulis et al. 2011). There are other examples for sunflower
(Steer et al. 1993) and sorghum (van Oosterom et al. 2010). Physiological issues
such as a crop’s impact on the nitrogen cycle are relevant enough to be considered
below (Sect. 3.4). Otherwise, since the focus of this review is on species selection
for biomass production in New Zealand, physiologically-oriented papers on crop
species that have biomass potential will not be reviewed here.

2.3.3 Socio-Economic Aspects

The potential for extensive use of land to produce energy crops raises socio-
economic issues to consider. Since a new industry would be established this would
require associated infrastructure development and could involve population migra-
tion back to rural areas. However, a change of land use from food crops to energy
crops is under scrutiny in terms of the socio-economic impacts. A large increase in
food prices in 2008 was attributed to use of maize grain and soybeans for fuel in
North America. However, a closer analysis showed there were also price impacts
from commodity market speculation involved (Mueller et al. 2011). Another study
examined socio-economic effects of different facets along biofuel industry develop-
ment pathways (Duer and Christensen 2010). As with crop physiological aspects,
these will not be the reviewed in this paper.

3 Sustainability Issues Using Biomass for Energy

3.1 Land Use Change

Environmental issues with food production (e.g., overuse of fertiliser contributing
to nitrate leaching, pesticide use and pesticide residues) have been recognised for
many years and are expected to be more challenging as food demand escalates in
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the coming decades. So, it is not surprising that proposals to use land for the
purpose of replacing fossil fuels have raised controversy. The sources of biomass
for both food and biofuels need to be produced in a sustainable way, with the net
carbon and nitrogen footprints in equilibrium. There is also the moral issue of
placing transport biofuel - in part a discretionary consumer product - in competi-
tion with food - an essential human need - for use of crop land. For an overview
on land use change see Howarth and Bringezu (2009). Direct use of a food species
as biomass and use of the best arable land for biofuel in a world that will need to
grow more food for a predicted ten billion people by 2050 can be challenged as
non-sustainable (Blanco-Canqui and Lal 2009; Davis et al. 2009; Katola and
Salmi 2010).

A follow-on issue that has been identified for some cropping situations is indi-
rect land use change, since the previous use, eg, tropical rain forest with very high
carbon storage, may mean that decades of biofuel production are required before the
benefits of replacing fossil fuels will compensate for the carbon debt created by land
use change (Ceotto and Di Candilo 2010; Dale et al. 2010; IEA Bioenergy Executive
Committee 2009). In Brazil, where biofuel production from sugarcane is often
assessed as sustainable, the effects of indirect land use changes were determined
by one analysis to exceed the benefits of biofuel substitution (Lapola et al. 2010).

The above efforts to quantify this indirect effect have been useful, but doing so is
complex. It has been noted by others that its inclusion in the sustainability standard
being applied to biofuels differs from the standard applied to land use change for
food production (Kim et al. 2009).

3.2 Land Area Requirements for Biomass Crops

It will be important to predict during the next few decades how much surplus
agricultural land could be sustainably diverted to feedstocks for biofuels. Earlier
studies of how much land will be available for biomass production were reviewed
in 2005 (Lemus and Lal). One later assessment looked in particular at the global
amount of abandoned agricultural land available for biomass production (Campbell
et al. 2008). Beringer et al. (2011) looked at potential bioenergy production given
the environmental constraints and agricultural needs in the context of a global
analysis. An assessment of the biofuel production potential using the arable and
pastoral lands in Europe was made by Fischer et al. (2010a, b). Another analysis
considered the impacts of regional (European Union) policies for biofuel supply
on global land use and food production (Banse et al. 2011). A model for southern
Australia of the effect of a shift to large-scale biofuel production (Bryan et al.
2010) showed that using food crops like wheat and canola for biofuel was more
profitable than their use for food, but the beneficial effects on greenhouse gases
and replacing fossil fuels were outweighed by the reduction in food production.
There were specific regions within southern Australia where land use for biofuels
could be beneficial overall.
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The assumptions used in different models result in widely differing calculations
of how much land is potentially available for biomass cropping. Bessou et al. (2010)
compared the predictions of three global-scale models when the assumed level of
agricultural intensification by 2050 was low (organic-type systems), medium and
very high. At the low input/intensification level the land required for food would be
double the current area, leaving no land for energy crops. For the other two models
reviewed the surplus land area available for energy crops at the highest scenario of
each is calculated to be 1.3 and 3.6 Gha, respectively (Bessou et al. 2010). These
require what may be overly optimistic gains in food crop yields, up to 4.6 times
1998 yields, in order to create ‘surplus’ land.

3.3 Water Use by Biomass Crops

Water use by biomass crop species needs to be considered at the paddock, the land-
scape and global scale. At the farm or paddock scale the usual assumption is that
biomass crops should be unirrigated. The two bases for this are: (1) the capital cost
of irrigation systems is too high for what will need to be a low- to moderate-value
crop in order to result in economic energy production, and (2) there are ethical/
environmental issues of diverting the water resource from food production or of
sourcing it from either surface waters that provide environmental services or non-
renewable groundwater resources (De Fraiture and Berndes 2009).

Even for unirrigated biomass production the amount of water transpired is a
significant consideration at the global scale. Such an analysis was first done a decade
ago (Berndes 2002) which demonstrated the importance of taking the water use into
consideration in both the production of energy crops and the industrial processes for
conversion to biofuels. With respect to the choice of biomass crops that analysis
also presented the wide range in water use efficiency differences between species.
Projections of water requirements in 2050 if bioenergy provided 50% of total energy,
or biofuel provided 30% of transport, are that the transpiration would be nearly half
of that for total food production (De Fraiture and Berndes 2009).

3.4 Nitrogen Cycle and Use by Crops

Nitrogen fertilization is an effective tool for improving the efficiency with which
cropland is used. The gain in crop productivity will offset the emission used to pro-
duce mineral fertilizers (Ceotto 2005). Unfortunately, nitrogen applied to crops as
fertilizers and manure is inefficiently used in most cropping systems. Unused frac-
tions contaminate surface and ground water resources (Pierce and Rice 1988).
Losses occur via denitrification, volatilization and leaching (Ceotto and Di Candilo
2010). Galloway et al. (2002) defined reactive nitrogen as all biologically active,
photochemically reactive and radiatively-active nitrogen compounds present in the
biosphere and atmosphere of earth, and includes inorganic reduced and oxidized
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forms of nitrogen and organic compounds as urea, amines and amino acids. When
it enters agro-ecosystems, reactive nitrogen derived from either synthetic fertilisers
or legumes has equally negative environmental impacts.

The reduction of reactive nitrogen in agricultural systems is therefore an important
sustainability issue. Growing biomass crops has the potential to reduce the problem.
One means to do this is the same as for food crops, i.e. to improve the yield of dedi-
cated energy crops so that production can be achieved on a limited land area.
Another strategy is to exploit the potential of dual purpose crops on arable land
(Ceotto and Di Candillo 2010). When the crop residues or whole dedicated energy
crop in a rotation is converted to bioenergy via e.g., combustion and gasification, the
reactive nitrogen is neutralised.

In terms of relative production of damaging reactive nitrogen, crops with a high
yield at low nitrogen supply are the lowest producers. Some of the better biomass
species have high nitrogen use efficiency, which is a significant environmental
advantage resulting in less ground water and runoff pollution derived from nitrogen
fertilisers. It also makes them more cost effective.

When legumes are used in a crop rotation, the fixed nitrogen can be taken up and
eventually released back in to the atmosphere as benign N, if the following crop is
used as a bioenergy feedstock for the appropriate conversion technology.

3.5 Life Cycle Assessment

A rigorous assessment of sustainability usually involves a Life Cycle Assessment
(LCA) analysis of biofuel production (Borjesson et al. 2010; Katola and Salmi
2010; Davis et al. 2009; Wortmann et al. 2010; Patterson et al. 2008; Blanco-Canqui
and Lal 2009). An important aspect of sustainability usually assessed is the relative
greenhouse gas production of different fuels. LCA has proven very useful to assess
the relative merits of potential future biomass species (Rettenmaier et al. 2010).
Some studies have successfully identified biofuels that are relatively poor choices in
terms of energy balance and/or environmental impacts (Davis et al. 2009).

The appropriate scope for an LCA is often from ‘cradle to farm gate.” In one such
analysis of perennial biomass crops in Italy (Monti et al. 2009) four biomass species
were compared to a food crop rotation in terms of ecological impact on a per hectare
basis and on energy impacts. The per-hectare impacts of all four were about half
those of the wheat/maize rotation. Three of the four also had much lower impacts
than the fourth biomass crop on an energy basis as well, which is clearly essential
for an effective energy crop.

3.6 Use of ‘Marginal’ Land for Bioenergy Crops

A species having low input requirements is also likely to be better adapted to utilise
‘marginal’ land. This is not only in the interest of the grower/landowner, creating a
new land use for such areas, but is a key aspect of making the biofuel production
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from biomass sustainable. In order to use performance in ‘marginal’ land as a
species selection criterion, as intended in this review, then ‘marginal’ itself needs to
be reconsidered and better defined. This need has been noted in other analyses of
biofuel production (Ceotto and Di Candilo 2010; Robertson et al. 2010; Davis et al.
2009; Dale et al. 2010).

There are several complexities to consider in defining ‘marginal’ (Dale et al.
2010), but allowing for such considerations, marginal sites can be defined as those
which provide on average suboptimal growing conditions for major food or feed
crops in the relevant climatic zone. Marginal sites are also defined according to
properties of the soil, the topography and the reliability of key weather factors like
favourable rainfall and temperature. This is why the term ‘marginal site’ may be
preferable to ‘marginal land.’

4 Species Screening, Energy Crop Criteria

Identifying the desirable characteristics of a biofuel crop has been reviewed before
(e.g. Ceotto and Di Candilo 2010). We conclude that an ideal New Zealand biofuel
crop should possess the following key attributes:

* a species already in New Zealand or having qualities such as sterile seed that
enable speedy regulatory approval for importation

e easy to establish, even on ‘marginal’ land

e can be established by minimum/no-tillage techniques

e early spring growth to compete strongly with weeds

e deep rooting to access subsoil water and preferably a perennial growth habit

e good solar radiation capture and high daily growth rate over a long period

e very high or high dry mass yield

e nutrient and water requirements are low relative to yield

 resilient to the site limitations (e.g., frost or water deficit)

e easy to manage (minimal pest control needs)

e biomass production is above ground

e easy to harvest

* the delivered biomass has a moisture content no higher than that of wood

* has a low nitrogen concentration and low or moderate ash content, and

e can be stored dry or ensiled.

These attributes of an ideal bioenergy crop reveal how to go about improving
energy crops in terms of yield and net energy gain (Ceotto and Di Candilo 2010)
and feedstock traits such as ash content (Monti et al. 2008), as well as environmen-
tal sustainability. Low nitrogen content is both a reflection of lower industrial ferti-
liser use and lower release of N,O. Perennial plants usually have better nutrient
recycling due to underground storage organs.

This section describes the biomass species we identified as candidates for evalu-
ation. The international literature search results in 2008 came from biomass studies
largely aimed at liquid fuels and pyrolysis studies using waste stream biomass,
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but more recent searches also identified more papers on bioenergy from dedicated
crops. Commercial biofuel literature was also a useful source as to which species
are attracting interest as biofuel feedstock.

The literature review identified a wide range of potential biomass species. These
included crops known to have high dry mass yield in New Zealand arable soils,
resident weed species with observed prolific growth, advanced cultivars of arable
crop species that could be introduced to New Zealand and overseas biomass crop
or weed species with traits such as sterility that would enable introduction to New
Zealand.

A compilation of recent New Zealand field data on high biomass arable crops
and some weed species, and new dry mass field measurements in commercial crops
or small plots were designed to add preliminary New Zealand information on less
well-studied species.

This review used additional criteria particular to the research project it was part
of, a biomass gasification research project. The net requirement by the operator of a
gasifier unit is for feedstocks that collectively can be grown, stored and supplied
year-round at a relatively low cost per tonne dry mass.

High dry mass was the best criterion for initial ranking of prospective biomass
species. This process was structured by distinguishing three categories of growth
habit: summer annual species, perennials and winter annual species, to facilitate
direct comparisons of species for which there is only limited information with those
that are well-characterised crop species of the same type.

The following subsections provide lists of species (categorised by crop growth
habit) and literature review findings for each that provide (1) a brief description of
their potential as biomass crops based on yield, (2) relevant aspects of each species’
agronomy and (3) whether there are issues making it less favourable to use as a crop
in New Zealand.

Some of the species information from New Zealand is specific to geographic
regions of the country. Figure 2 can be referred to, noting that low latitudes are in
the north end of the country.

4.1 Perennial Species

4.1.1 Lucerne (Medicago sativa)

Criteria match for dry mass yield: Lucerne is a widely-grown species in New
Zealand, with proven high dry mass yields. Douglas (1986) summarised yield
results from 57 different crops/treatments from various authors investigating lucerne
growth as far back as 1965, covering all of the major climates and growing environ-
ments in which lucerne is grown. Under rain-fed conditions in the South Island
highest yields were obtained from lowland soils on alluvium, ca. 15-20 tonnes
dry mass per hectare (t DM/ha). In other climates/soil types (e.g. lowland soils
on loess and/or fine gravels, hill and upland soils on loess and where rainfall was
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Fig. 2 New Zealand map
showing regions where the
yield of species was assessed.
The numbering key for
regions discussed in the
review is: / Northland, 2
Waikato, 3 Hawke’s Bay, 4
Canterbury, 5 Southland

2 5

350-550 mm/year) lucerne yielded much lower (ca. 8-9 tDM/ha). Crops grown in
the North Island under rain fed conditions and on soils derived from recent alluvium
were also the highest yielding whilst those grown on soils with volcanic parent
material were generally lower yielding (Douglas 1986).

The recent New Zealand research record confirms that lucerne has very high
biomass yields, >20 tDM/ha in deep soils in warm parts of the North Island with
adequate rainfall (Shaw et al. 2005b). Yields can be equally good in the best South
Island soils (Brown et al. 2003). Lucerne is widely adapted to marginal sites with
lower water holding capacity as the crop has a strong tap root and is capable of
utilising water from deep in the soil profile.

Agronomy: Douglas (1986) also presented data indicating that available water
capacity (AWC) has a large, linear effect on lucerne yield with an extra 63 kg DM/
ha per mm of AWC. This was particularly true on light stony soils, but the effect is
diminished on soils with higher water holding capacity, such as lowland soils on
alluvium (Douglas 1986). The recent lucerne research programme by Brown et al.
(2000, 2003, 2005a, b, 2006) and Teixeira et al. (2007a, b, ¢, 2008) were on a deep,
high water holding soil. One study by Brown (2003) reported yields of 21.3 in year
1, declining after year 3—17.5 tDM/ha in year 5. Shaw et al. (2005b) reported on
non-irrigated North Island lucerne trials in the Hawke’s Bay and Waikato regions.
On deep high water-holding soil in Hawke’s Bay the yield was 9.4 tDM/ha in year
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Fig. 3 Lucerne (Medicago
sativa). When comparing dry
mass yield to other biomass
species that are only
harvested once per year it
should be noted that more
harvesting effort is required
for lucerne, with three or four
harvests per year

1 and 22.0 t/ha the next 2 years. The Waikato crop was grown on a hill soil with only
moderate water holding capacity (marginal in that respect). This crop yielded
5.4 t/ha in the year it was sown, 17.4 t/ha in year 2 and 14.6 t/ha in year 3.

Lucerne can be considered sufficiently well researched to use in the engineering
model for supplying biomass to a gasification biofuel plant and also to use as a
species with documented New Zealand biomass production for comparing to yields
of less familiar species.

Issues: Lucerne usually has high value as livestock forage, so it may be more expen-
sive for the biofuel plant to purchase than other biomass species. Multiple harvests
are also a cost factor (Fig. 3).

4.1.2 Giant Miscanthus (Miscanthus x giganteus)(Mxg)

Criteria match for dry mass yield: reported dry mass yields have been high to very
high in Europe. The most promising genotype is Miscanthus x giganteus (or Mxg).
Peak yields are achieved as early as the third year (Lewandowski et al. 2000; Clifton-
Brown et al. 2004) or not until the sixth year (Christian et al. 2008) and are higher
in warmer climates. Mediterranean research has compared several energy crop can-
didate species and found Mxg to be a consistent high performer with irrigation or
summer rainfall: 27 tDM/ha in Italy (Cosentino et al. 2007) and 28-38 tDM/ha in
Greece (Danalatos et al. 2007). Since Mxg was only recently introduced to New
Zealand (Brown 2009) the best guide to its yield potential is from an analysis using
a UK crop model, which simulated a 13 year mean yield for a site in New Zealand
(2008 report by A. Hastings, commissioned by Peter Brown). The peak DM in early
winter averaged 27 tDM/ha, while late winter mean DM (the time of harvest) was
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18.7 tDM/ha. The mean yields included 6 years with some yield reduction predicted
due to water deficit. Details are provided in Sect. 7.2.3.

Agronomy: European research has compared several genotypes (Clifton-Brown
et al. 2001). Findings from several UK trials led to release of a Production Guide
(DEFRA 2001). Mediterranean research has compared several energy crop candi-
date species and found Mxg to be a consistent high performer, but Mxg does require
irrigation or summer rainfall in Italy (Cosentino et al. 2007) and Greece (Danalatos
et al. 2007). Research on harvest timing has indicated that while peak dry mass is
in early winter the better time to harvest is after several tonnes of dry mass has
been translocated to the rhizome system, along with nutrients to supply early spring
growth. The yield at that time is usually 5-10 tDM/ha below the peak (Clifton-
Brown et al. 2004).

Physiology: Agronomic and environmental research with Miscanthus led to publi-
cation of a growth model, MISCANFOR, in the UK (Hastings et al. 2009). Other
studies have quantified response to irrigation and nitrogen (Cosentino et al. 2007).
Miscanthus has a low nitrogen content, which is environmentally advantageous
because it requires less nitrogen fertiliser to grow and because combustion of the
biomass produces less reactive nitrogen than burning fossil fuels or other crop species
that are higher in nitrogen content (Ceotto and Di Candilo 2010), and environmental
benefits of Miscanthus were greater than other biomass crops (Lewandowski and
Schmidt 2006). There is also a positive impact on greenhouse gas emissions by
replacing fossil fuels (Clifton-Brown et al. 2004).

Issues:The high cost of establishment is due to vegetative propagation of the sterile
triploid Mxg and the need for modified planting equipment. For high dry mass yield
Miscanthus requires rain or soil water into the summer, which is often lacking in the
Mediterranean climate. While this would not be an issue in most regions of New
Zealand with more than 700 mm rainfall, the marginal sites preferred for biomass
crops will sometimes be defined by a combination of shallow soil and low summer
rainfall. Since New Zealand has a milder winter climate than the European loca-
tions, where it has had the most testing as a biomass crop, there may be challenges
with winter weed control and early re-growth from the top of the plant before har-
vest is complete. None of these issues appear to negate the potential of this species
in many parts of New Zealand, but they will need to be researched (Fig. 4).

4.1.3 Jerusalem Artichoke (Helianthus tuberosus)

Criteria match for dry mass yield: While usually considered a tuber crop, the use
of Jerusalem artichoke shoot biomass has been quantified and investigated for
producing biogas or forage (Gunnarson et al. 1985; Wunsche 1985; Seiler
1993). The 1980s Scandanavian research documented yields from 7 to 20 t DM/ha
(Gunnarson et al. 1985; Wunsche 1985). A trial with multiple shoot harvests in
Minnesota (45° latitude) indicated a theoretical yield higher than 25 tDM/ha
(Rawate and Hill 1985). The first New Zealand trials had shoot biomass yields in the
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Fig. 4 Giant Miscanthus (Miscanthus x giganteus). Transplanted as small plantlets with two or
more rhizome branches (a); height after 12 months, from mid-summer to mid-summer (b)

range of 13—16 tDM/ha (Kerckhoffs et al. 2011; see Table 4 in Sect. 6.2.2). Much
higher shoot yields (>30 tDM/ha) have been observed in 2011-2012 trials in
Hawke’s Bay (unpublished).

The highest tuber yield to date (15.0 tDM/ha or 58 tFM/ha) was in Northland,
from plants with both shoots and tubers harvested in the winter (Kerckhoffs et al.
2011). However, the Northland tubers had inadequate vernalisation for new spring
growth (see the Physiology section).

Agronomy: As a new commercial species in New Zealand, Jerusalem artichoke is a
good example of a species needing to have its growth and environmental responses
characterised thoroughly. This can be guided by extensive findings in the Northern
Hemisphere, although the emphasis there has been on tuber production using annual
row cropping methods. If biomass is also produced in that way they the optimal
seed spacing needs to be defined. In a perennial system, with some or all tubers
left in the ground after the previous season, the growth habit is much different.
We observed more than 100 stems/m? compared to 10-20 stems/m? in the first year.
This may require different canopy management if stem population proves to be
excessive for optimal use of sunlight.

Physiology: Plant development, such as biomass and nutrient allocation patterns has
been investigated in North America. Shoot growth reached peak dry mass 18 weeks
after planting in two trials (McLaurin et al. 1999; Swanton and Cavers 1989).
However, the highest observed shoot dry mass yields (Wunsche 1985) and our
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unpublished 2012 results are from long-season crops. Daylength effects, particularly
on early tuber-forming cultivars, appear to favour high latitudes (Wunsche 1985)
over lower latitudes (Seiler 1993) for shoot dry mass production. However, cultivars
vary widely in growth habit and yield, so comparing trial results with different
cultivars is difficult.

New Zealand spans a wide range of latitudes, so this mass partitioning effect
needs to be evaluated further for the New Zealand cultivar ‘Inulinz’. Another matter
to clarify is whether shoot growth peaks too soon to intercept full summer radiation.
If true then one option is to harvest shoots early for dry mass, then allow the crop to
regrow a full-season crop of shoots and sufficient tubers produced for a crop the
following year (Rawate and Hill 1985).

Issues: The vernalisation requirement of Jerusalem artichoke tuber buds is well
known (Kays and Nottingham 2008). In 2010, this was not met in northern New
Zealand for the local cultivar ‘Inulinz’. Further testing will be needed to define
how far north the crop can be grown and still have buds vernalised to enable good
perennial vegetative yield. The costs for planting and storing tubers need to be
determined. Management practices need to be defined to ensure tubers do not
regenerate if paddocks are used for different arable crops. No issues noted to date
appear to seriously detract from this species’ potential in the majority of New
Zealand (Fig. 5).

4.1.4 Switchgrass (Panicum virgatum)

Criteria match for dry mass yield: Switchgrass has been widely tested in its native
North America and its yield potential modelled throughout the USA (McLaughlin
and Kszos 2005; Wright et al. 2009). Test yields ranged from 4 to 18 tDM/ha and
were most often in the 10—12 tDM/ha category (Wright et al. 2009). Greater yields
were sometimes observed in the southeast region of the USA with the hottest
summer weather and ample rainfall. It was lower yielding than Miscanthus in direct
comparisons (Heaton et al. 2008).

Agronomy: Switchgrass has a low nitrogen requirement and moderately lower water
requirement, which is similar other C4 species such as Miscanthus. It persists for at
least 10 years and is easy to maintain.

Issues: Switchgrass is not currently in New Zealand and would probably not qualify
for introduction since it is able to spread by seed as well as rhizomes. Growth would
start very late in the spring due to cool New Zealand soils and high yields would be
unlikely in the temperate summer weather. Yields would also likely be low in mar-
ginal sites with low summer rainfall (Ceotto and Di Candilo 2010).

4.1.5 Reed Canary Grass (Phalaris arundinacea)

Criteria match for dry mass yield: Reed canary grass is present in New Zealand and
was tested as a feedstock for biogas production in the 1980s (Stewart 1983). It is
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Fig. 5 Jerusalem artichoke (Helianthus tuberosus). Vegetative growth is rampant even in cool
weather (a) and in Hawke’s Bay region is similar to the growth and mid-summer mass of the
sorghum on either side (b). Shoot dry mass peaks after flowering (¢) and shoot mass is translocated
to the tubers from the stage in ¢ through to shoot senescence (d)

very hardy, grows quickly and spreads easily both by seed and by creeping rhizomes.
Dry mass yield under European conditions was less than 10-12 tDM/ha in a
comparison to Miscanthus and triticale (Lewandowski and Schmidt 2006).

Agronomy: The species is an inferior crop to Miscanthus in the climates of
north-western Europe in terms of nitrogen use efficiency and energy use efficiency
(Lewandowski and Schmidt 2006).

Issues: Reed canary grass is considered to be a weed pest in New Zealand wetlands.
It is a major threat to marshes and wetlands because it can replace native species.
It is difficult to eradicate once established and there could be a problem for local
authorities. It is currently listed for eradication (Environment Canterbury 2011).
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Fig. 6 Harding grass (Phalaris aquatica). Like other perennials Harding grass makes a slow start
compared to the surrounding forage oat crop, planted at the same time. It grows 1.5-2 m tall, but
is not higher in dry mass than shorter pasture grasses

4.1.6 Harding Grass (Phalaris aquatica)

Criteria match for dry mass yield: Harding grass is a tall bunchgrass of the same
genus as canary reed grass. It is present in New Zealand and has been sown in pas-
tures as a 10% component of seed mixtures. It is toxic to cows at higher levels, so
the only information on its growth in pure stands was from a seed grower. Preliminary
results were also obtained in a small research trial in the Hawke’s Bay region
(unpublished). At the end of the first season (November 2009) the Harding grass
yielded much lower than plots of winter annual oats in the same trial. Harding grass
produced (5.0£2.2 tDM/ha) compared to oats (16.9 +4.3 t DM/ha). In the following
season the Harding grass plots were damaged, but they would have been expected
to yield between 7 and 12 tDM/ha based on the long-term experience of a New
Zealand seed grower (Ian Gorton, personal communication, 2009). It was clear that
annual DM yield from perennial Harding grass would be far less than the combined
annual yield of winter oats and a summer biomass crop. Such a large yield deficiency
outweighs the benefits of using this perennial species for biomass production.

Issues: Phalaris aquatica, while tall-growing, has no greater dry mass than the best
regular pasture grasses and it is toxic to livestock if there is >10% in pastures
(Fig. 6).

4.1.7 Napier Grass (Pennisetum purpureum)
Criteria match for dry mass yield: Napier grass is a large perennial that can grow

more than 3 m high. The leaves are susceptible to frost but the root system can
remain alive if the ground is not frozen. The grass grows easily from rhizome and
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stem fragments and forms thick clumps with long, flat leaves which have strongly
ridged midribs. Napier grass is present in New Zealand and has been tried as a bio-
fuel feedstock (Stewart 1983).

Issues: Napier grass is listed as a pest species in New Zealand and classified as an
Unwanted Organism by the Department of Conservation (Biosecurity NZ 2011b)
and is also listed as an invasive species in the Pacific Islands.

4.1.8 Cardoon or Cynara (Cynara cardunculus)

Criteria match for dry mass yield: Cynara (or cardoon or artichoke thistle) is a tall
relative of artichoke used as an ornamental or for edible stems by those tolerate the
sharp thistle features. It is known for its high biomass yield (>25 tDM/ha) under
favourable conditions (Angelini et al. 2009; Gominho et al. 2011).

Physiology: Recent research into dynamics of light and nitrogen distribution in
canopies (Archontoulis 2011) provided a basis for the high dry mass yield of cardoon
inrelation to other biomass species. The crop is very well suited to the Mediterranean
climate with rainfall concentrated in the early part of its season, but in drier years
may need irrigation in springtime for high yield (Archontoulis 2011). This last
reference also contains photos of Cynara and kenaf.

Cardoon is costly to establish, although somewhat invasive once present. Crop
handling needs to allow for its sharp spines and cardoon has higher nutrient require-
ments than ideal for a biomass crop. The biomass may be too high in ash content for
gasification. The climatic preference is for very dry summers which are rare in New
Zealand. If there is rain after the crop starts to dry it may regrow. That could make
the harvested biomass too wet for storage or gasification. In one LCA analysis of
four biomass species in Italy the cardoon was far worse than the other three in terms
of its impacts, on an energy basis (Monti et al. 2009).

4.1.9 Giant Reed (Arundo donax)

Criteria match for dry mass yield: Giant reed is a clump-forming bamboo-like grass
having short rhizomes and a dense root mass. It can grow up to 5 m in height. Giant
reed does not spread by seed and has very high biomass yield (>25 tDM/ha) in
Mediterranean climates (Ceotto and Di Candilo 2010).

Issues: Giant reed requires abundant moisture and is subject to serious damage by
spring frosts. It has an ability to spread over geographic locations quickly, via natural
waterways, which allows Giant Reed to overtake large areas very quickly. Giant
Reed is an extremely flammable plant, even when it is green. These factors produce
various results that make Giant Reed extremely undesirable in New Zealand where
the winters are milder than in Europe. It is already present but the subject of control
efforts (Biosecurity NZ 2012a; New Zealand Biosecurity Institute 2009).
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4.1.10 Tagasaste or Tree Lucerne (Chamaecytisus palmensis)

Criteria match for dry mass yield: Tagasaste or tree lucerne has been studied for
forage use in New Zealand (Logan and Radcliffe 1985; Lambert et al. 1989). The
per-plant yields were rarely converted to yield per hectare; the only cited value was
<2 tDM/ha. Tree height in experiments was less than 2 m.

Issues: Tagasaste had low yields in many years due to drought sensitivity. In warm
wet conditions it was susceptible to root rots (Logan and Radcliffe 1985).

4.1.11 Pampas Grass (Cortaderia sellowana)

Criteria match for dry mass yield: Pampas is a giant, clump-forming grass that can
grow to 4 m or more. The leaves snap readily when tugged. Dead leaf bases curl like
wood shavings, unlike the related native C. fulvida. No annual dry mass data is
available in New Zealand.

Issues: Windborne seeds allow the grass to easily spread far and wide. It readily
colonises disturbed sites, quickly becomes dense and can suppress the growth of
other species. It replaces ground cover, shrubs and ferns, creates a fire hazard, pro-
vides habitats for possums and rats, and impedes access (Biosecurity New Zealand
2011a). It is therefore classified as a noxious weed in two regions. It would be
restricted from use as a biomass crop.

4.1.12 Toe toe (Cortaderia fulvida)

Criteria match for dry mass yield: The New Zealand native species of Cortaderia
are smaller than pampas grass. No dry mass yield per hectare has been reported, but
it is visually much less massive than pampas grass.

Issues: Native Cortaderia species are slow to establish and there are restrictions
against the use of non-local ecotypes of this native species in some areas, according
to New Zealand specialist W. Parker of Oratia Native Plant Nursery (personal
communication, 2009).

4.1.13 “Wandering willie” (Tradescantia fluminensis)

Criteria match for dry mass yield: Tradescantia, is a rank perennial weed in shady
areas but it is low growing and is not a high dry mass producer, only 7.5 tDM/ha
(Standish et al. 2001). Tradescantia was impressive in terms of efficient use of low
solar radiation, with its dry mass peaking at only 10% of full sunlight.

Issues: There could be restrictions on its cultivation and distribution due to its
adverse impact on natural wooded landscapes. In the sun it would probably be over-
grown by other species.
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Fig. 7 Yacon (Smallanthus sonchifolius). Yacon is grown for its crisp root and also has massive
shoot growth, but which is quite reduced by root harvest time. Note the frost burn of upper leaves

4.1.14 Yacon (Smallanthus sonchifolius)

Criteria match for dry mass yield: Yacon is a tall-growing perennial (2 m) with very
large shoots. Their mass has not been measured in New Zealand at the peak time
during the summer in a research report that focused on fresh mass of the large fleshy
(edible) storage roots. At harvest time fresh mass of shoots was 15.7 tFM/ha
compared to 90 tFM/ha in roots (Douglas et al. 2007). Even if the standing shoots
had air dried to a moisture content of 50% before harvest the DM yield would
have been <8 tDM/ha.

Agronomy: New Zealand trials found that yacon requires early spring planting and
a long season to achieve high root fresh mass yields; in cooler areas the root yield
was only 20-30% of the top yield in a warm site (Douglas et al. 2007). Therefore
only latitudes below 38° should be considered suitable in New Zealand. Warm
nights may be required for higher shoot dry mass, but these are lacking in most of
New Zealand.

Issues: Yacon is quite frost tender, part of the reason most of New Zealand is con-
sidered unsuitable. The use of roots for biomass requires too much energy expen-
diture for harvest and there is as yet no market in New Zealand for the roots as
food. This would be a prerequisite for using the shoots as a crop residue (Fig. 7).

4.1.15 Water Hyacinth (Eichhornia crassipes)

Criteria match for dry mass yield: Water hyacinth is a mat-forming water weed with
very high productivity.
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Issues: Water hyacinth entered New Zealand many years ago and became a pest
species. Its current status is that it has been eradicated and has not been allowed into
New Zealand since 1927, eliminating it from contention as a biomass species
(Biosecurity New Zealand 2012b).

4.1.16 Cattail (Rapu in New Zealand) (Typha orientalis)

Criteria match for dry mass yield: The native species of this genus has the Maori
name rapu. Its common name in North America is cattail and in the UK bulrush.
Rapu is closely related to those northern hemisphere Typha species, which have
been studied in relation to bioremediation of secondary sewage and for biofuel
production (Shahbazi 2009). The biology of Typha orientalis has been detailed
in northern New Zealand (Pegman and Ogden 2005), where its annual dry mass
productivity was 29.1 t DM/ha, with 22.6 t DM/ha in the shoots.

Agronomy: Both due to its very high DM productivity and adaptation to sites not
suited for food crops, rapu is an interesting biomass weed to consider cropping.
Since many natural wetlands would be excluded from harvest for environmental
reasons, commercial production of rapu would probably be on marginal, poorly
drained agricultural land and this would require special landform modification to
create standing water. Some current dairy pastures in the South Island West Coast,
shaped into ‘humps and hollows,” already have nutrient runoff problems in the
hollows, so nutrient interception by rapu could make milk production more sus-
tainable while producing biomass.

A preliminary trial in the Hawke’s Bay region compared quadrat harvests in a
wetland, either a two cut per season regime or a single early winter harvest. The
mean DM yields were a total of 18.6 tDM/ha for the two cut regime compared to
29.7 tDM/ha for the one cut regime (unpublished data). So rapu has a very high
peak shoot DM which is adversely affected by an additional summer harvest.

Issues: Like Miscanthus (Clifton-Brown et al. 2004), the ideal timing for first
biomass harvest may not be at the early winter peak dry mass, since that may reduce
the yield in the following season. So some loss of shoot dry mass via translocation
to the rhizome system prior to harvest is probably necessary. The requirement for
standing water, coupled with the legal protection of natural wetlands, very much
limits the scope for commercialisation of Typha as a biomass crop. Harvest would
be more feasible in climates colder than New Zealand, where ponds freeze hard
enough for driving equipment on the ice (Fig. 8).

4.1.17 Gorse (Ulex europaeus)

Criteria match for dry mass yield: The average DM yield over a 6-year growth cycle
reported in a lower North Island study (Egunjobi 1971) was 9.8 tDM/ha/year plus
average annual litter fall of 8.9 tDM/ha/year. This was calculated from the 60 t/ha
standing biomass at age six, measured for plants that grew from seed after the site
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Fig. 8 Cattail or Rapu
(Typha orientalis). This
wetland weed has a very high
peak dry mass, but harvest
probably needs to be delayed
past the peak

was burned. A goat forage trial in the Canterbury region found the DM yield to be
19.5 t/ha/year (Radcliffe 1986). Gorse as biomass crop has strong appeal due to its
wide adaptation, growth on sloping marginal land, coppicing ability and need for
little or no fertiliser. It is also a legume that fixes nitrogen, sometimes enough to
create a nitrogen run-off problem.

Agronomy: Gorse grows well on steep slopes in New Zealand, a category of clearly
marginal land that cannot be used by most biomass crops which require slopes suit-
able for harvesters. It would be harvested more like a short-rotation forestry crop
and would regrow from cut stems.

Issues: Gorse’s shortcomings as a biomass species include its lesser harvestable dry
mass (since litter would be difficult to collect) and practical management difficulties
such as its nasty spines. If this species’ potential was deemed worthy the latter
might be overcome by in vitro plant breeding to develop a spineless form.

4.2 Summer Annual Species

4.2.1 Maize (Zea mays)

Criteria match for dry mass yield: Very high DM yields, many in the 25-30 tDM/ha
were documented in New Zealand seed company field trials (Densley et al. 2005)
and also in research trials (Booker 2008; Li et al. 2006; Reid et al. 1999; Rhodes
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1977; Shaw et al. 2007). A 2009-10 trial at two marginal sites produced maize
yields of 29 tDM/ha in the irrigated site and 12.6 tDM/ha in the drought-affected
site (Kerckhoffs et al. 2011). The high yield and strong knowledge base (as a major
New Zealand crop for grain and silage) makes maize a good benchmark to compare
other summer annual biomass species to.

Agronomy: Silage maize is well-studied in New Zealand (Booker 2008; Li et al. 2006;
Rhodes 1977; Sadras and Calvino 2001; Shaw et al. 2005a, b, 2007). Even in a
drought year in the Waikato maize region (2007-08) the mean biomass yield
across 44 trials of Pioneer® seed was 22.3 t DM/ha (B. McCarter, Genetic Technologies
Ltd, personal communication) Maize response to nitrogen supply has been character-
ised in the New Zealand crop model AmaizeN (Li et al. 2006) and response to soil
water supply has been widely studied (e.g., Sadras and Calvino 2001).

Issues: Maize is high yielding and its agronomy is well defined, and therefore a
good species for assessment as a gasification feedstock in the planned engineering
model in the research project. However, there are issues with its large scale use as a
biomass crop. The main issue is an ethical one (discussed in Sect. 3). Maize is
grown on the best arable land that could be producing important food crops. Its
main use is as a feed crop (either forage or grain) for livestock; the end products are
milk and meat. At the scale of New Zealand alone this is not an ethical issue, since
about 90% of the meat and milk is exported and any staple food can be locally sup-
plied to meet New Zealand food demand. At the global scale the need to increase
food supply does make this an issue, although the protein foods are exported to
populations already well fed, not those that are hungry (Fig. 9).

4.2.2 Sunflower (Helianthus annus)

Criteria match for dry mass yield: There is no published research on sunflower bio-
mass yield in New Zealand and the international literature is predominantly on seed
and oil production. The reported DM yield in Perth, Australia was 14 t DM/ha (Steer
et al. 1993) and the yield was similar in Oregon, USA trials (Kiniry et al. 1992).
Yield was 11 tDM/ha in Victoria, Australia (Connor et al. 1985). Dry mass yields
were 10.8 tDM/ha in research in Turkey (Goksoy et al. 2004) and 12.8-13.9 tDM/
ha in a study in Greece (Archontoulis 2011).

A 2005-2006 trial by the authors with a forage sunflower cultivar in a fertile
Hawke’s Bay soil yielded up to 17 tDM/ha at the highest plant population density
among several densities that were compared (the overall average yield was
14.4 tDM/ha). This crop had a very high average growth rate of 173 kg DM/ha/day
(unpublished data). A 2009-2010 trial at two marginal sites produced sunflower
yields of 10.4 and 8.1 tDM/ha (Kerckhoffs et al. 2011). The limiting factor was loss
of the seed to birds in one location, since seeds are typically 25% of the total dry
mass (Massignam et al. 2009). At the other site the low yield was due to severe
water deficit (Fig. 10).

Agronomy: Sunflower has potential as a biomass species due to its moderate dry
mass yield in mildly marginal conditions and a relatively short growing season.



Fig. 9 Maize (Zea mays).
Selection 33 M54’ is a
long-season type and yielded
33 tDM/ha 2 months after
this photo in Northland

Fig. 10 Sunflower
(Helianthus annum). Forage
sunflower had lower dry mass
than other species tested and
has about 25% of its dry mass
as seeds, which can be lost to
birds
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Since the aim of biomass production is to maximise sustainable yield on a year-round
basis, a species with a fast growth rate that fits between other crops can satisfy a
useful purpose. The irrigation response by sunflower has been studied in the
Mediterranean (Goksoy et al. 2004; Sadras and Calvino 2001) and Australia (Connor
et al. 1985).

Physiological aspects: In addition to soil water response (Connor et al. 1993; Steer
et al. 1993) the effects of canopy architecture are very relevant to sunflower dry
mass yield potential (Archontoulis 2011). Both of these high dry mass factors are
less optimal in sunflower than in very high dry mass species such as cardoon and
kenaf (Archontoulis 2011).

Issues: The greater drought susceptibility of sunflower than several high dry mass
C4 grasses such as sorghum, maize and pearl millet makes it less adaptive to marginal
soil water supply. The significant part of the total dry mass in the seeds (and the high
risk of losing it to birds) and the somewhat lower dry mass yield even in good
conditions are all negative factors for sunflower biomass production.

4.2.3 Sorghum (Sorghum bicolor)

Criteria match for dry mass yield: Dry mass yield of fibre sorghum in the north of
Italy was 26.2 tDM/ha (Amaducci et al. 2000). High yields were also observed in
Greece (Danalatos et al. 2009). The cooler New Zealand climate might be expected
to limit yields and that has been the case based on the average yield of 15.5 tDM/ha
from several NZ science reports (Cottier 1973; Taylor 1973; Taylor et al. 1974; Chu
and Tillman 1976; Rhodes 1977; Piggot and Farrell 1980; Causley 1990). However,
the mean would be much lower without the results in the reports by Piggot and
Farrell (1980, 1984) who found that ‘Sugar Drip’ sweet sorghum averaged 25 t DM/
ha in deep loams and well-drained fertile clays and 20 tDM/ha in dry friable soils
in Northland, the warmest part of New Zealand. In the authors’ 2010 trial in
Northland the yield of the best subtropical sorghum cultivar was 30.3 tDM/ha (see
Table 4) (Kerckhoffs et al. 2011).

Agronomy: Sorghum is not widely grown in New Zealand but its use for dairy for-
age is of current interest to farmers. It is generally found to yield lower than silage
maize but to have greater drought tolerance and ability to recover (Singh and Singh
1995). Hybrid sorghum cultivars fall into three categories: sorghum x sorghum,
sorghum x sudan and sudan x sudan crosses. New subtropical cultivars require test-
ing of their potential to stay in vegetative mode for an extended period, increasing
the biomass yield. Tests in Australia indicated high total dry mass from use of mul-
tiple cutting, for grazing as dairy feed (Johnson 2005). In the cooler New Zealand
climate a higher total dry mass may be expected from a single harvest of a long-
season cultivar. Effective weed control in this small-seeded crop is of agronomic
importance, but provided by current herbicides.

C4 grass species usually have very high nutrient input requirements. The ‘rule
of thumb’ of the seed company supplying the best two sorghum cultivars is that
a 30 tDM/ha forage crop would remove over 500 kg/ha of nitrogen, even if a
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subtropical species does not produce seed. However, tissue analyses from our
Northland field trial (Kerckhoffs et al. 2011) indicated that crop removal was only
240 kg N/ha.

Physiology: One feature of sorghum conducive to its use in marginal sites is better
tolerance of and recovery from soil water deficit. Studies in Greece (Dercas and
Liakatas 2007), India (Singh and Singh 1995) and the USA (Stone et al. 2002) have
helped clarify agronomic response and physiology of water use. Nitrogen use by
plant parts is another relevant aspect (van Oosterom et al. 2010) as is the effect of
sowing rates on biofuel productivity (Wortmann et al. 2010).

Issues: While sorghum may grow well in conditions of low water availability, the
main apparent drawback to use of sorghum for biomass production in New Zealand
is that much of the country does not have warm enough temperatures for a long
enough growing season. The suitable regions are below latitude 38° S. These include
Northland, Waikato, Bay of Plenty, East Cape and Hawke’s Bay. However, regions
other than Northland could be cool enough some years to impact yields. Several of
these regions have enough summer rainfall that the choice of ‘marginal sites’ may
need to be based on yield restrictions other than soil water deficit, such as more
frequent site susceptibility to cool weather. As with other agricultural crops there is
also the issue that the use of sorghum as an energy crop competes with its use for
livestock forage. Sorghum also has a high nitrogen fertiliser requirement. Although
our trial measured nitrogen uptake by a fully matured crop to be only 240 kg N/ha,
this level of nitrogen use is still an issue for a biomass crop unless the fuel conver-
sion technology conserves nutrients. Gasification does not do so (Fig. 11).

4.2.4 Pearl Millet (Pennesetum glaucum)

Criteria match for dry mass yield: There has been very little use of this crop species
in New Zealand, particularly for full season growth to its maximum biomass. Yield
reports in Australia are on grain yield rather than biomass (Queensland Primary
Industries and Fisheries 2005; Pacific Seeds 2009). Cultivars for feed seed produc-
tion are short in both height and season, so forage cultivars are preferable for
biomass. The potential for pear] millet to have a high yield in northern New Zealand
is based on its height and growth similarities to sorghum in Australia (Pacific Seeds
2009) and on high sorghum yields in past New Zealand trials (Piggot and Farrell
1984). In the authors’ 2010 trial in Northland the yield was very high, 31.2 t DM/ha
(see Table 4) (Kerckhoffs et al. 2011).

Agronomy: When grown for biomass the cultural methods used are essentially the
same as for subtropical cultivars of sorghum. Most information is directed at the
feed quality of Pennesetum when used as forage, eg, in Queensland, Australia
(Pacific Seeds 2009). The low protein content of pearl millet when grown all season
rather than grazed is indicative that the nitrogen fertiliser requirement is likely to be
much lower than when grown to be grazed.
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Fig. 11 Sorghum (Sorghum a
bicolor). In the cooler climate
of the lower North Island a
sudan x sudan hybrid cultivar
like ‘Sprint’ only yielded
about 7 tDM/ha (a). In
Northland the subtropical
cultivar ‘Jumbo’ had a

30.3 tDM/ha yield 2 months
after the photo (b)
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Pearl millet has been found to be even more adaptive to soil water deficit than
sorghum, at least in terms of grain production (Queensland Primary Industries and

Fisheries 2005).

Issues: Like sorghum, pearl millet is an agricultural crop whose use as an energy
crop competes with its use for livestock forage. The moderately high fertiliser inputs
will require special crop management and end use of the biomass to make production

sustainable (Fig. 12).
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Fig. 12 Pearl millet
(Pennisetum glaucum). The
cultivar ‘Nutrifeed’ yielded 1
as well as the subtropical i
sorghums in Northland

(31 tDM/ha) 2 months after
the photo

4.2.5 Hemp (Cannabis sativa)

Criteria match for dry mass yield: Hemp is a tall-growing short-season species
grown for fibre or oil, including to a limited extent in New Zealand (McIntosh
1998). Research has focused on the production of fibre and seed oil, not biomass
(McPartland et al. 2004) however the crop has reportedly yielded >20 tDM/ha in
Italy, 19 tDM/ha in the Netherlands and relatively well on marginal sites (Struik
et al. 2000). Models have been developed of both growth and industrial economics
(Eerens 2003). The highest dry mass yields will probably come from different
cultivars than used for oil and fibre. The few published reports of New Zealand
dry mass yield (McIntosh 1998; Gibson 2007) indicated a wide range of yields, only
the upper end of which makes hemp of interest as a principal summer crop for
feedstock for gasification or other biofuel technologies. Yields of 14-20 t/ha were
cited, but in several experiments they were <10 t/ha. However, industrial hemp
could fill a useful niche in a biomass system since it achieved its maximum yield
in a shorter time than other crops, perhaps enabling it to be grown between two
high-yielding winter crops.

Recent New Zealand field measurements of dry mass, commissioned by the
author in 2010, were made by Midlands Seed Ltd near Ashburton in the South
Island. In plots harvested from a fibre cultivar the dry mass yield averaged 9.1 tDM/ha
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Fig. 13 Hemp (Cannabis sativa). The height difference between an oil seed cultivar (centre) and
the more suitable fibre cultivars (Photo courtesy of Midlands Seed Co., Ashburton, New Zealand)

(unpublished data), well below the 15 tDM/ha target deemed economically viable
for summer annual crops to supply bioenergy facilities.

Agronomy: To achieve high dry mass may require sowing seed at quite a high rate
(Struik et al. 2000). Nitrogen fertiliser above 100 kg N/ha had no benefit to dry mass
yield (Struik et al. 2000). Hemp is also fairly adapted to periods of water deficit.
A study of the economics of growing hemp fibre as a crop for land treatment of
treated sewage (Eerens 2003) determined that it would be difficult even in the
central North Island to produce two crops (two cuttings) as would be required for an
economically viable treatment and fibre production system.

Issues: The largest hurdle to New Zealand production of hemp is the regulatory
compliance costs of its growth, storage and shipment to ensure the crops do not
contain illegal levels of drug THC, as found in other Cannabis sativa cultivars.
There is also the need to document high yields in cooler South Island sites, where
its use as a short crop between winter forage, grain or biomass crops would be most
valuable. The best yields would be in northern New Zealand, but there are better
species options there (Fig. 13).

4.2.6 Kenaf (Hibiscus cannabinus)

Criteria match for dry mass yield: Kenaf is a warm season annual species that grows
very tall (>4 m in hot climates) with a high dry mass yield potential (Alexopoulou
et al. 2000; Danalatos et al. 2006), Yields in a recent irrigation trial ranged across
19.6, 22.8 and 24.5 tDM/ha (Archontoulis 2011). Past research in New Zealand for
use as paper pulp showed that in the cooler local climate the yield was <9 t DM/ha
and the height was <1.7 m (Withers 1973).
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Physiology: Canopy architecture findings help explain the high yield potential in
the Mediterranean climate (Archontoulis 2011).

Issues: Kenaf requires warmer summers than occur in New Zealand. It is also sus-
ceptible to Botrytis infection and prone to keep growing if water is available, as is
likely here. That may make it difficult to get the biomass dry enough for harvest.

4.3 Winter Annual Species

4.3.1 Tickbean (Vicia faba)

Criteria match for dry mass yield: Vicia faba (broad bean, fava bean) is a winter
crop that has been reasonably well-researched as a forage crop in New Zealand. The
dry mass yields reported in the South Island experiments were always less than
15 tDM/ha (Jones et al. 1989; Newton and Hill 1987; Rengasamy and Reid 1993).
A 2011 Hawke’s Bay trial with the cultivar “Wizard” sown on 11 April and harvested
28 October yielded an impressive 24 t DM/ha (data not yet published).

Agronomy: Tickbean is of interest as a winter crop in rotation with a late-sown or
short-season summer annual. This would be most feasible in regions with sufficient
summer rainfall, such as Southland and several parts of the North Island. It is sown
as early as possible in autumn after previous crop removal (e.g., April in New
Zealand). Its cultural requirements have been described (Rengasamy and Reid 1993;
Jones et al. 1989; Newton and Hill 1987). For use as forage it is harvested prior to
its peak seed maturity when the feed value is not reduced by lack of water. Even for
a mature harvest the soil water supply is only likely to be an issue during a rare
winter drought in the eastern cropping districts of both North and South Islands.
Nitrogen is fixed in the root system nodules.

Issues: Although the dry mass yield was very high in the 2011 trial, the favourable
weather conditions, the timing of crop development and lack of disease may be hard
to duplicate. It could be challenging to grow in marginal soil and colder South
Island winters and still fit between summer crops, which also take longer in the
cooler weather. In the wet winter climate there is a significant cost in keeping dis-
eases such as chocolate spot under control. The tissue water content at harvest may
also be higher than ideal for a biomass crop (Fig. 14). However, this species should
be considered for the lower South Island.

4.3.2 Winter Cereals: Wheat (Triticum aestivum), Oats (Avena sativa),
Barley (Hordeum vulgare) and Triticale (x Triticosecale)

Criteria match for dry mass yield: Cereal species sown in autumn or winter and
harvested in early to mid summer have been shown to yield >15 tDM/ha in good
arable soils in New Zealand. Dry mass yield is reported as ‘whole crop yield’ in
cereal research, where grain yield is usually the focus. Winter wheat can have a




Biomass Gasification Crops for the Climatic Range of New Zealand 107

Fig. 14 Tickbean or
broadbean (Vicia faba). A tall
dense crop after a warmer
than average Hawke’s Bay
winter growth season

whole crop yield >15 tDM/ha (de Ruiter 2004; Kerr and Menalda 1976; Stephen
etal. 1977). Forage oats yielded 16.9 t DM/ha in the author’s 2009 trial (unpublished),
similar to other North Island findings (Kerr and Menalda 1976; Stephen et al. 1977,
McDonald and Stephen 1979). Winter barley dry mass yields were 14.7-16.6 t DM/
ha (Kerr and Menalda 1976; Scott and Hines 1991). Triticale whole crop yields can
be >20 tDM/ha, both in the North Island (Scott and Hines 1991) and the southern
South Island (Plant & Food Research unpublished trial results for clients). All
results are yields on good arable crop land.

Agronomy: There is an active research programme that has documented soil water
and nitrogen fertiliser responses in terms of grain yield (e.g., Carter and Stoker
1985). The research cited in the previous paragraph documented high biomass pro-
duction of these cereal species for forage in New Zealand. The geographic focus for
use of winter annual species as energy crops is the South Island, where species that
require warmer conditions (such as sorghum) are not feasible. The main effort
required to assess triticale (or other cereals) as energy crops is to determine their
yields in marginal New Zealand sites, via research trials and/or use of crop
models.

Issues: If dry mass yield is determined to be adequate (>13 t DM/ha may be sufficient
if production costs are moderate) then the main issue is whether food/feed species
should be used as energy crops. Another issue is the nitrogen fertiliser requirement,
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Fig. 15 Triticale

(x Triticosecale). The
vegetative growth of triticale
(at the rear) is much greater
than the modern wheat in the
foreground, and dry mass is
also greater

which may be high with some cereals. If economic supply of feedstock to a
gasification plant requires double cropping (having a short summer crop between
winter triticale crops) then the feasibility of this, using ‘marginal’ sites, is also a
relevant issue (Fig. 15).

5 Rapid Species Selection Approach

The review of literature presented above was the central element in meeting the first
2 year aim of a 6 year research project. However, the review was not in itself
sufficient for the project aim and it was also tailored to be integrated with local New
Zealand information on the performance of plant species. The aim was to obtain a
reduced list of high dry mass species with suitable attributes.

A final ‘short list’ of the best species was reached in two steps, starting by exclud-
ing less suitable species until there was a manageable number remaining (termed
pre-selection). This involved three elements, the principal one being the science
literature review that is the focus of this paper (Sect. 5.1). The following two sub-
sections describe the use of New Zealand expertise and the use of conceptual tools
to structure the species comparisons using the literature information. The last element
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of pre-selection was the gathering of new preliminary field measurements (Sect. 5.4)
to help identify the most promising 15 biomass species for the intended end use.

More detailed evaluations of the 15 pre-selected species included two additional
procedures, a formal field trial in two climatic zones (Sect. 5.4) and the use of crop
models (Sect. 5.5). Overall, our species selection approach may be novel in its inte-
grated use of procedures that were all capable of delivering results within a 2-year
timeframe. Sections 5 and 6 are therefore presented for the benefit of readers that
may face similar time constraints in selecting among plant species for a particular
use. Sections 5 and 6 therefore have more aspects of a ‘Methods’ paper than would
usually be found in a review.

5.1 Pre-Selection of High Dry Mass Species
Via Literature Review

A species selection approach with a step-wise structure was developed to achieve
the project aims. The first step was a pre-selection of promising high dry mass spe-
cies based on the international literature, as cited in the subsection for each species
listed in Sect. 4. When a species was a widely-grown New Zealand agricultural crop
then the literature review was used to specify attainable dry mass yield. Relevant
information was collated for biomass productive potential for specific regions within
New Zealand for potential use as an energy crop via gasification. Such species could
be ranked and the best few species and cultivars identified. However, it is possible
that the ranking on prime crop land will differ from the ranking on ‘marginal’ sites,
which is the end objective of the research project. So even for major crop species
there was an additional step required to estimate ‘marginal site’ yield before the
final ranking could be made.

When a reviewed species had a reported high productivity and was likely to be
adapted to part of the range of New Zealand climates, but was not present in the
country, then additional procedures were required to establish its productivity rank-
ing within 2 years. Plant introduction through New Zealand’s rigorous biosecurity
procedures would usually take too long. If a species had been introduced in past
years, or had entered New Zealand inadvertently, then regulatory guidelines could
be examined to see if the species identified in the literature review would be accepted
for commercial use over extended areas of the country.

5.2 Pre-Selection of High Dry Mass Species
Via Local New Zealand Expertise

Gathering local expert knowledge involved an effort to tap the institutional memo-
ries of research organisations regarding more obscure species of minor crops or
weeds known to produce high dry mass. Measurements of dry mass had been
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recorded but not always published. This work was largely done during 1975-1985,
a time of strong interest in bioenergy in New Zealand as elsewhere, due to the oil
supply crises. Additional expert New Zealand advice on major arable crops came
from commercial sources such as seed companies. Their records for a major crop
like maize contain yield data from hundreds of field plots.

5.3 Pre-Selection Tools: Plant Growth Categories
and Benchmark Species

As noted at the start of Sect. 4, the process of ranking of species in terms of high dry
mass process was facilitated by distinguishing three categories of growth habit:
summer annual, perennial and winter annual species, enabling more direct compari-
sons. Within each category it was possible to choose one species with well docu-
mented high dry mass performance in New Zealand. These are referred to as
benchmark species. The research and seed company trial findings for maize and
lucerne documented that these crops, when grown on fertile land with good water
supply, had higher dry mass yields than other current New Zealand crop species of
their types. Silage maize was designated as the benchmark for summer annuals and
lucerne as the benchmark species for perennials. Details were presented in
Sects. 4.1.1 and 4.2.1. Most high dry mass winter annuals are cereal grain species.
The designated winter annual benchmark species was wheat (Sect. 4.3.2). All three
benchmark species also shared the advantage of having crop models that are cali-
brated in the major production regions of New Zealand.

5.4 New Field Trial Data in New Zealand to Supplement
the Literature Review

There was also a strong case, in the interest of time, to generate new field trial data
to include in the species selection process. When a species was present in New
Zealand, but there was inadequate dry mass data to rank it relative to other species,
we planted small field trials along with familiar reference crops in order to make
preliminary measurements of dry mass. This was done concurrently with the first
year of the literature review. Those measurements were part of the pre-selection
phase.

In the second year, more formal field trials were carried out with the more prom-
ising summer annual species/cultivars among the most promising 15 species. These
generated new and climatically-relevant scientific data that is now published, there-
fore available as a new addition to the literature review. Results were a key part of
selecting the final short list of ‘best” species to assess for use in the bioenergy engi-
neering research project.
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5.5 Crop Models as a Tool to Estimate Dry Mass Yield
in ‘Marginal’ Sites and to Compare Species

While the use of models may seem more appropriate to describe in a research paper
than here, using this tool in the species selection procedure was necessary and the
results are therefore reviewed. The rationale is based on the need during the final
stage of species screening to rank species on how well they yield in ‘marginal’ sites
rather than in prime crop land. Use of such sites is a more sustainable basis for
bioenergy production. For previously researched benchmark species the yield data
is from trials in good quality arable soils, so each of these species had to be checked
as to whether it really belonged in the final list. The way to do this was via use of
the crop models that could simulate yield under the environmental conditions that
make a site marginal. This enabled the following step which was to compare the
biomass yields of new candidate species to the ‘marginal site’ yields of benchmark
species.

The models currently used in New Zealand are species-specific and local calibra-
tions from the farming systems tool known as APSIM (Keating et al. 2003) devel-
oped in Australia. The three growth limiting factors that can be altered in the crop
models are soil texture or depth, air temperature and rainfall. If a target yield for
biomass production is set, such as 15 tonnes dry mass per hectare (t DM/ha), then
the combinations of the three factors that restrict yield to 15 t DM/ha can be identified
for each cropping region of New Zealand. While a benchmark species was used for
this, the information that is used to assess a new species of that same growth habit
type is an empirically- defined set of site conditions that represents ‘marginal’.
The target of 15 tDM/ha was chosen because all three benchmark species have
demonstrated yields several tonnes per hectare more than that (see species details
in Sect. 4).

The final step in selection of the best three to four species (in addition to the
benchmark crops maize and lucerne) was to make use of any APSIM models of
benchmark or other species to make more direct comparisons of available yield
data. The aim for the best ‘new’ species is to utilise them in the subsequent 4 years
of agronomic research and modelling of biomass supply to a gasification plant.

6 Overview of Species Selection

6.1 International Literature Pre-Selection

The result of the literature review was a compilation of the best 15 species to com-
pare in more depth and the exclusion of a number of other species without further
assessment.

Table 1 lists the species whose dry mass yields have previously been measured
in New Zealand. See Chap. 4 for details of the basis for excluding each species from
further consideration in the project on gasification feedstocks.
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Table 1 Plant species in New Zealand assessed in the literature review but not included among the
15 promising species pre-selected for further evaluation during the first 2 years of the project

Common name Scientific name Exclusion criteria

Tagasaste or tree lucerne Chamaecytisus palmensis Low temp and disease sensitive
Toe toe Cortaderia fulvida Conservation restrictions
Wandering willie Tradescantia fluminensis Pest restrictions; low dry mass
Reed canary grass Phalaris arundinacea Pest restrictions

Napier grass Pennisetum purpureum Pest restrictions in regions
Pampas grass Cortaderia sellowana Pest restrictions in regions
Yacon Smallanthus sonchifolius Low temp sensitive; low DM

Table 2 Plant species considered due to being grown for biomass/biofuel outside
New Zealand. These were assessed via literature review and by checking their status
with New Zealand authorities. They were excluded from further consideration by the
gasification feedstock project (full reasons are in Sect. 4)

Common name Scientific name Exclusion criteria
Sugarcane Saccharum hybrids Low temp sensitive
Switchgrass Panicum virgatum Requires hot summers
Jatropha Jatropha curcas For oilseed, not biomass
Water hyacinth Eichornia crasspies Prohibited pest species
Giant reed Arundo donax Restricted pest

Cardoon Cynara cardunculus Spreads by seed

Kenaf Hibiscus cannabinus Hard to get dry at harvest

Table 2 includes some species favoured for use as biofuel feedstock in other parts
of the world. Sugarcane is one of the best sources of biomass and ethanol but
requires tropical temperatures (Brito Cruz 2009). Jatropha has great potential as an
oil seed tree crop and its cultivation is expanding in India (Jatropha World 2012),
however it is used for seed production, not as a species for high total biomass. The
other species are each considered in Sect. 4, where the issues that preclude them
from use for gasification in New Zealand are described. Cardoon, while having
several issues (see Sect. 4) may have better potential than the other species on this
list. However, there is no New Zealand source of seed to test it at the necessary
scale.

The outcome of the review of international literature and New Zealand expert
advice was to reduce the number of candidate species to the 15 listed in Table 3.
This also shows the New Zealand data sources available to compare and screen
these crops. Field data is mostly from maize and sorghum variety trials by seed
companies.

The method for the evaluation of summer annual species (other than hemp) from
Table 3 was a formal field trial in two of New Zealand’s warmer regions, at sites
with ‘marginal’ soil/rainfall features. Perennial species could only be assessed
where mature stands of plants existed or by analysis of yield in the New Zealand
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Table 3 Herbaceous species pre-selected for use in the study and the type/source and number
of crop plots of each

Commercial New Zealand

Common name Scientific name field data literature data ~ Crop Category
Lucerne Medicago sativa 0 12 P
Harding grass Phalaris aquatica 0 2 P
Miscanthus Miscanthus x giganteus 0 0 P
Rapu Typha orientalis 6 1 P
Gorse Ulex europaeus 0 3 P

Jer. artichoke Helianthus tuberosus 0 0 PorS
Maize Zea mays 1054 7 S
Sorghum Sorghum bicolor 64 11 S
Pearl millet Pennisetum glaucum 0 0 S
Sunflower Helianthus annuus 6 0 S
Hemp Canabis sativa 1 4 S
Barley Hordeum vulgare 0 26 w
Tickbean Vicia faba 0 29 W
Triticale x Triticosecale 0 8 w
Oats Avena sativa 0 26 w

The three growth habit categories are Perennial (P), Summer annual (S) and Winter annual (W)

science literature. In some cases these results could be further refined by use of crop
models. The timing of field trials for winter annual species, like perennials, did not
fit within the 1 year available before a decision was required on the best four to six
species, so ranking of these also relied on the New Zealand literature.

The cultivar choices in the trial with summer annuals were based on recommen-
dations by researchers in the USA and Australia. We sourced seed of very high dry
mass (usually subtropical) cultivars of C4 grass species of maize, sorghum and pearl
millet. The trials also included sunflower and Jerusalem artichoke for use in cooler
regions where the subtropical cultivars of C4 grasses would not be productive. A
custom grower of the regulated species hemp was identified to make field measure-
ments. The high DM clone of Miscanthus, Miscanthus x giganteus was also pre-
selected for further investigation since its introduction to New Zealand was
announced by a commercial venture (Brown 2009).

6.2 Species Selection Among the 15 Most Promising

6.2.1 Literature Review as Selection Basis

Among the species in Table 3 New Zealand literature was the basis to exclude some
from the final list of three to four ‘best’ species for field testing as feedstock supply
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species for gasification. Those excluded from the short list were two perennials
(rapu and gorse) and two winter annuals (barley and oats). The basis for these deci-
sions is provided under Issues in each species’ subsection of Sect. 4.

6.2.2 Field Measurements as Selection Basis

Preliminary field measurements led to the exclusion of Harding grass and hemp
(see Sect. 4). Miscanthus was retained, even though it was not possible to establish
a mature (3 year old) stand of the Mxg clone. The next best option was to calculate
its biomass yield for several years with a crop model from the UK using the soil
and weather data from a specific New Zealand site (see Sect. 4). The remainder of
selection decisions were based on a field trial of summer annuals. The two sites were
in Hawke’s Bay and Northland (the warmest region, and where the trial site was
irrigated due to below average rainfall). For details of the field trials see Kerckhoffs
et al. (2011); other aspects will be reported in a subsequent research paper.

Table 4 provides evidence that the warmest region of New Zealand can produce
very high DM yields of subtropical cultivars of maize, sorghum and pearl millet in
sites with rooting depth restriction, provided rainfall is sufficient (or the crops are
irrigated). All species at the Hawke’s Bay site had very restricted yields in a year
with an early summer water deficit, but results showed that some sorghum cultivars
were much less affected than maize or pearl millet. Jerusalem artichoke was included
in the trial since it can be grown as an annual.

The high yield results with tropical maize in the Northland trial confirm that
maize was the correct choice as the benchmark species for summer annuals. The
similarly high biomass yields with pearl millet and some sorghum cultivars also
supports their consideration for use in New Zealand, although their geographic
range is more restrictive than for maize. The performance of two sorghum cultivars
in a drought situation is very promising for their use in marginal sites. Jerusalem
artichoke also proved worthy of further investigation due to its modest nutrient and
water requirements. In preliminary trials in Hawke’s Bay and Canterbury the shoot
dry mass yields were 15 and 17 tDM/ha, respectively (Kerckhoffs et al. 2011).

Sunflower was excluded from the final list of species for New Zealand follow-
ing the field results in Table 4; the related species Jerusalem artichoke is more
promising.

6.2.3 Ranking Procedures Among the Better Candidate Species

The species selection approach included making a yield estimate of species in mar-
ginal sites, in order to rank them to identify the best biomass crops for the intended
use. This was done by the use of crop models, first applied to the benchmark species
maize and lucerne. Their high yields in good arable sites were documented in
Sect. 4. Section 7 summarises the application of APSIM models for the two bench-
mark species, maize and lucerne, to be presented in more detail in a research paper.
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Table 4 Crop yields (t DM ha™') and dry matter percentages (DM%) at two locations

Northland Hawke’s Bay

Yield DM Yield DM
Crop Cultivar (t DM ha™") (%) (t DM ha™") (%)
Maize 33 M54 33.7 45 13.2 37
Maize 38 H20 26.0 34 12 55
Sorghum Bettagraze 19.5 27 11 44
Sunflower Hysun 38 10.4 21 8.1 36
Sorghum Jumbo 30.3 25 20.6 31
Pearl millet Nutrifeed 31.2 29 13.3 29
Sorghum Speedfeed 21.8 26 12.2 38
Sorghum Sugargraze 28.1 24 17.7 27
Jerusalem artichoke Inulinz 15.3¢ 21 - -
LSD 6.1 3 53 8.2
F-pr <0.001 <0.001 0.005 <0.001

Table adapted from Kerckhoffs et al. (2011). LSD: least square deviation
Jerusalem artichoke yield is shoot dry mass only, excluding tubers

It then summarises the further use of models, where available, to compare short-listed
biomass species candidates to the relevant benchmark crop yield in marginal sites.

The species selection procedure described in this Section was used by the authors
to advise the Biofuels to Syngas to Liquid Fuels programme of the University of
Canterbury as to which species should receive further research attention (Renquist
and Shaw 2010).

7 Modelled Crop Dry Mass in Marginal Conditions

7.1 Models for Benchmark Species: Maize and Lucerne

It would be a multi-year task using field trials to estimate the dry mass yield of
maize and lucerne under marginal conditions. Crop models are very useful to esti-
mate yields under such conditions. Both species have crop models in the Australian
crop model package APSIM (Keating et al. 2003) and each of them also has New
Zealand calibrations.

New Zealand scientists have developed calibrations of APSIM models in the
main arable cropping regions using both research and commercial trial data.
While these calibrations are still being refined in order to use the models in very
precise crop physiological applications, our use of APSIM was less demanding. The
requirement was just for accurate enough yield estimates to rank species as having
“higher, lower or similar” dry mass yields.

Soil water supply and temperature are two of the key defining parameters in the
crop models, and for major crop species it is already known whether they are more
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sensitive to a deficit of water or warm temperatures. Marginal sites can often be
categorised as yield-limiting due to one or the other of these two environmental
factors.

The details of the APSIM model output graphs and the tables that illustrate
whether or not an acceptable DM yield is achieved in each combination of site con-
ditions are not shown in this review, but will be more fully explored in a research
paper on this topic.

7.1.1 Maize (Summer Annual Benchmark Species)

The target yield for the summer annual benchmark, maize, was set at 15 tDM/ha, a
somewhat arbitrary value but a yield that is likely to prove economically viable for
biomass production. This is well below the maximum yield achieved in major North
Island regions (see Sect. 4). The APSIM maize model creates an output graph for
each region with a range of yields in response to soil water-holding (a combination
of soil depth and texture) and rainfall and temperature (relative to the regional mean
values). The target yield value may appear once or more in an output graph, which
is examined to identify what combinations of non-optimal temperature and water
deficit (a function of soil water-holding capacity and rainfall) are associated with
yields reduced to that target level, but not below.

From the APSIM output graph and a table that is populated with the site condi-
tions associated with the target yield of the benchmark species maize an appropriate
conclusion can be drawn. One example is: “a 15 tDM/ha maize yield in Hawke’s
Bay region could be achieved without irrigation in a high water-holding soil even
with 40% below-average rainfall when mean temperature is average or 1° above
average.” The site situations that are ‘marginal’ for maize in that soil category (hav-
ing a dry mass yield equal to or less than 15 t/ha) are those with lower relative
rainfall and/or with relative mean temperatures outside the optimum values
shown. Non-optimal temperatures in New Zealand are usually lower than the opti-
mum, but are in some cases higher.

In contrast to Hawke’s Bay, a 15 tDM/ha yield of maize grown in the same soil
texture in Canterbury requires 50% above-average rainfall and a temperature
mean 1-2° above average. This comparison of climatic regions indicates that for a
marginal site (without irrigation) in the shorter growing season of the South Island,
the benchmark species maize will yield less than its North Island target yield under
average rainfall and temperature conditions. This increases the chances that another
species (adapted to a lower seasonal heat requirement) could match maize at these
higher latitudes.

7.1.2 Lucerne (Perennial Benchmark Species)

For the perennial species growth habit category the benchmark species lucerne was
assessed in the same manner as with maize. The shape of the biomass yield response
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graph looked similar to the one for maize (neither shown here), since the yields
from all hay cuttings were combined.

While the regional differences in simulated yield for non-irrigated lucerne were
not as great as the regional differences in maize dry mass production, the difference
between the Hawke’s Bay and Canterbury regions was still notable. The Hawke’s
Bay simulation indicated a yield of 15 tDM/ha could be achieved in high water
holding capacity soils in a season with a temperature mean equal to the long-term
average, even when rainfall was 50% below average. To achieve an equivalent yield
in Canterbury required temperatures 1-3° above normal, with rainfall 20% above
the long-term mean.

Lucerne is nevertheless a proven and well adapted crop to use as a perennial
benchmark in the South Island, to allow comparisons with new perennial biomass
species that are likely to be important for marginal sites. Lucerne could also serve
as a benchmark for summer annuals in sites where the benchmark species maize
may not be well suited.

7.2 Models for Comparing Candidates to Benchmark Species

The target yield for the summer annual benchmark species, maize, is 15 t DM/ha,
as described in the previous subsection. Expressing the target yield in terms of
yield-limiting environmental conditions enables a comparison to other summer
annual biomass species, if their yields can be observed in conditions that would
also limit the benchmark species maize to a similar yield (as simulated in the model).
A summer annual biomass species that yielded 15 tDM/ha or greater under
marginal (target yield) conditions would be well-ranked to receive more detailed
further assessment.

7.2.1 Sorghum Versus Maize

There is an APSIM model for sorghum which allows a direct comparison to simu-
lated maize yields. We calibrated the model for the Waikato region (the region
closest to Northland where there were data to calibrate APSIM) in order to compare
simulated yield results to those of the 2010-2011 field trial in Northland that
contained both sorghum and maize. The maximum yields simulated in favourable
conditions in the Waikato region were much higher for maize than sorghum
(>25 tDM/ha versus 18 tDM/ha). But using the maize ‘marginal’ target yield of
15 tDM/ha (where the required Waikato region site conditions for maize were
medium soil water-holding, rainfall 20% below average, and temperature 1° below
average) the differences with sorghum were smaller.

The conditions in which sorghum achieved the 15 t DM/ha target yield were 50%
less rainfall than average and mean temperature 1° above normal. Those conditions
were wet enough for sorghum to match the 15 tDM/ha yield of maize, but they were
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2° cooler than the sorghum optimum mean temperature. This was quite limiting and
the sorghum model predicted a yield of only 12.8 tDM/ha. So in average Waikato
weather the benefit of the drought resistance of sorghum is more than offset by its
sensitivity to low temperature, even just 1 °C below average. If the models are accu-
rate in this respect, it may explain the variable results with sorghum in most North
Island districts. For example, the model predicted a large yield decrease (yield
<50%) in sites that are 3° cooler than the optimum. This supports the findings of our
2009 field observations in the lower North Island (unpublished), where dry mass
yield was less than half of the predicted Waikato yield.

The model analysis also highlights the importance of defining ‘marginal’ appro-
priately for the crop species and regional climate.

7.2.2 Sunflower Versus Maize

There is a sunflower model in the APSIM software, so it was possible to do a New
Zealand calibration and directly compare sunflower to maize and sorghum yield
simulations in the Hawke’s Bay region. Even under the most favourable conditions
maximum simulated sunflower dry mass yield was 11.4 tDM/ha. This underesti-
mate is probably due to the model being developed using oilseed cultivars, which
are more compact with lower dry mass than forage cultivars. But it also excludes the
effect of bird predation on seed. This finding supports the field trial results
(Kerckhoffs et al. 2011) where dry mass yield of a forage sunflower cultivar was
lower than either maize or sorghum in both irrigated and non-irrigated trials.

7.2.3 Giant Miscanthus Versus Lucerne

The Mxg clone of Miscanthus is a very promising biomass species, so it was a prior-
ity to assess it as fully as possible during the species selection process. While there
is no APSIM crop model, there is a Miscanthus model in the UK that was available
to utilise for yield simulation (Hastings et al. 2009). The APSIM lucerne model
also had a benchmarking role, to simulate the perennial species target yield in the
appropriate climatic region for a yield comparison to the simulated average yield of
Mxg at a particular site in that region.

The UK model for Mxg was applied to a specific site near Huntly in the Waikato
region. Using soil information and meteorological records from the recommended
station, the first author of the paper on the Miscanfor21SP model (Hastings et al.
2009) simulated the 13-year annual crop dry mass. The simulated peak dry mass in
early winter averaged 27 tDM/ha, while late winter mean yield (the preferred time
of harvest) was 18.7 t DM/ha.

The APSIM lucerne model, to compare to the Miscanfor21SP output, was cali-
brated for the Waikato using very similar but longer-term met data. The benchmark
target yield is 15 tDM/ha in site conditions with 20% below average rainfall and a
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temperature right at the long-term mean. This is probably wetter than the 13-year
data set used for the Miscanthus model (which included six dry years). The apparent
conclusion is that Mxg is reasonably likely to exceed the yield of lucerne and is
certainly worth undergoing further research.

7.2.4 Jerusalem Artichoke Versus Lucerne

An assessment was made to compare the promising new biomass species, Jerusalem
artichoke, with lucerne. Informal yield comparisons in the Hawke’ Bay region,
where the most field data has been collected, have shown shoot dry mass yields near
15 tDM/ha in good arable soils (Kerckhoffs et al. 2011). This is higher than first-
year yields of Hawke’s Bay lucerne, but lower than the best lucerne yields in the
second and third years (Shaw et al. 2005b).

Using the APSIM lucerne model, a target yield of 15 tDM/ha in Hawke’s Bay
region was associated with the following site conditions: High soil water-holding,
rainfall 50% below average and temperature 1-2° above average. Jerusalem arti-
choke is, based on several studies (Kays and Nottingham 2008), able to grow well
despite some water deficit and has high water use efficiency. It is also able to grow
at cooler temperatures than many major crop species, having a heat unit base tem-
perature of 0° for growth (Kays and Nottingham 2008).

While this is a new biomass crop in New Zealand, the preliminary conclusion is
that shoot dry mass yield is similar to lucerne in Hawke’s Bay region (Kerckhoffs
etal. 2011). In the South Island, where non-irrigated lucerne yields in most soils are
lower, Jerusalem artichoke has the potential to out yield lucerne. Field trials in the
South Island, assisted by use of the APSIM model for lucerne, should clarify this
matter.

7.2.5 Triticale Versus Wheat

The benchmark species chosen for the winter annual crop growth category is wheat.
This crop is well-modelled in New Zealand using APSIM (Keating et al. 2003).
While winter wheat cultivars have fairly high whole crop dry mass, e.g., 15.3 tDM/
ha (Stephen et al. 1977), it is such a key direct human food crop that there would be
market resistance to using it as a bioenergy crop species. Among the cereal grains
triticale produces the highest dry mass yields in New Zealand, e.g., 22 tDM/ha
(Scott and Hines 1991) and has the further advantage that it is not used as human
food.

There is not yet an APSIM model for triticale, so a direct measure of its yield
potential on marginal sites will require field tests. Wheat yields under marginal site
conditions similar to those in the field trial can be estimated using the wheat APSIM
model, or by including interspersed plots of wheat with the triticale.
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8 Conclusions

This review of biomass species aimed to screen and rank candidate species in terms
of high dry mass production in the climates found in New Zealand. The temperate
rain-fed climate, with only mild winter frosts in most arable districts, could support
the growth of an abundance of species. However, the review was not designed to be
all-inclusive but ‘nevertheless did consider most non-woody high dry mass species
likely to meet the relevant criteria for use as bioenergy crops.’

8.1 The Methodological Tool for Species Selection

The engineering project research aim was to assess the best three New Zealand
biomass species in a gasification plant supply model. Our sub-contracted aim for the
crop research was to identify three species that are highly suitable to serve this pur-
pose. That ultimate decision will be based on research that includes the species
selection phase (with the species short list reported here) and further acquisition of
agronomic knowledge on successful culture of the new species, as the basis for
selecting the three most suitable species. This information will be applied as inputs
to an engineering model on gasification of the biomass.

The review findings should, however, have wider interest and applicability to
new energy crops research in other countries. Where there is an urgency to develop
renewable fuels, the option of biofuels is likely to be assessed. The first step, screening
of biomass species for regional suitability, could easily take a decade but may (as in
this case) need to be completed more quickly. This review includes a section on the
elements (in addition to a science literature review) of a species selection approach
that was able to deliver species selection results in 2 years.

To summarise our 2-year species selection procedure, we:

1. began with a standard international literature review;

2. grouped prospective species into three categories based on growth habit (sum-
mer annual, perennial and winter annual);

3. sourced NZ-specific expertise on biomass and weed species, including
identification of three well-studied New Zealand crop species to act as a bench-
mark for each growth habit category;

4. gathered new field data to update findings and fill gaps in New Zealand knowledge;

5. utilised APSIM crop models to simulate dry mass yield of benchmark species in
‘marginal’ site conditions; and

6. used models of the pre-selected candidate species (where they existed) to simu-
late dry mass yield in marginal conditions to compare to marginal yield of their
benchmark species.

The combined use of these elements represents a methodological tool to quantify
species screening and ranking. The first two steps shortened the biomass species
candidate list from ‘all world species that were reported to have high dry mass
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yield’ to a manageable number for closer examination. The third and fourth steps
made use of information particular to New Zealand to further narrow the field to
the 15 most promising species. The benchmark species for each growth habit
category were the highest yielding arable crop species that also had crop models
well calibrated in multiple climatic regions of New Zealand. These were silage
maize as the summer annual benchmark, lucerne as the benchmark perennial and
winter wheat as the winter annual benchmark.

The final steps involved use of crop models (the Australian APSIM models) to
calculate the most relevant ‘target yield’ to compare candidate species to. This was
the simulated dry mass yield of the appropriate benchmark species in the ‘marginal’
site conditions under which it can still produce an acceptable yield, nominally set at
15 tDM/ha. A species that requires optimal conditions to yield this dry mass would
fail the comparison, along with all low dry mass species. When an APSIM crop
model also existed for a candidate biomass species then its marginal site yield was
also simulated, to allow a direct comparison with the target yield.

These selection procedures will feed into the next stage: agronomic research on
crop growth and meeting the year round supply to the fuel plant using a combination
of species and biomass storage. No new biomass species came to our attention in the
following 18 months that would have met the criteria and whose reported dry mass
yield in the climatic range of New Zealand would have ranked it ahead of the
species selected (listed in the next section).

8.2 The Selected ‘Best’ Species for New Zealand

We have identified seven species suitable as gasification feedstock in terms of high
yield and adaptation to marginal sites. Any three of these can be used in an engi-
neering supply model for gasification. Two of the benchmark species are among this
short list. These are lucerne (Medicago sativa) and silage maize (Zea mays). The
other two suitable arable crops are triticale (x Triticosecale) and tickbean (Vicia
faba). The new or less well-known species identified as the most promising biomass
crops in the relevant New Zealand climates were subtropical cultivars of sorghum
(Sorghum bicolor), Jerusalem artichoke (Helianthus tuberosus) and the Mxg clone
of Miscanthus (Miscanthus x giganteus).

To compare the features of the species we have selected it will be useful to refer
back to the Sect. 4 list of the key attributes an ideal New Zealand biofuel crop
should possess.

8.2.1 General Features of the Best Biomass Species

Note that three of the ‘best’ seven species are perennials; these have inherent advan-
tages in terms of sustainability and greenhouse gas minimisation (for both biomass
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and food crops). Less cultivation lowers CO, losses from soil and reduces erosion
and nutrient loss to surface waterways.

Biomass species that are somewhat drought resistant but have a good yield
response to greater rainfall could be used in ‘marginal’ sites defined as areas where
soil water supply is not dependable. That would reserve the most reliable sites for
food crops or livestock forage/grazing. The biomass sites would have very high
yields in years when they had ample rainfall and could therefore have an overall
average dry mass yield that may still prove to be economically viable. This could
apply to sorghum in the warmer regions of New Zealand and to Jerusalem artichoke
and Miscanthus in many regions.

Special considerations apply to the cooler climate of the lower South Island,
although the advantages of using perennial species remain the same. Whether win-
ter annual or summer annual species have a more favourable cropping season
depends to some extent on what second crop can be grown to maximise annual
biomass. The cooler South Island weather is a disadvantage for many summer annu-
als, but cereal grains now have high-yielding summer cultivars. This enables both
types of rotations: a winter cereal plus a partial short-season crop such as sunflower
or a spring cereal followed by a winter legume such as tickbean.

8.2.2 Specific Features of the Best Biomass Species

Jerusalem artichoke. As a new biomass species in New Zealand not all of its
features are definitively known. However, its ability to rapidly establish a canopy
following spring or early summer planting is a strong point compared to any other
perennial crops tested. If each species is rated by the Sect. 4 list of criteria for the
ideal biomass crop (repeated at the start of Sect. 8.2), Jerusalem artichoke receives
more ticks than any other species. If the European evidence for higher shoot dry
mass at higher latitudes is duplicated in New Zealand then Jerusalem artichoke will
be a particularly useful species for South Island biomass production.

While shoot dry mass yields are lower than some species, no issues noted to date
appear to seriously detract from this species’ potential in the majority of New
Zealand (but not the northernmost regions due to lack of chilling of tuber buds).
Information is still lacking on the costs and protocols for procedures such as
planting and storing tubers.

Miscanthus. The clone Mxg is now planted in research trials and at least three com-
mercial plantings in New Zealand. These have documented the species’ ability to
establish and grow well in this country. In terms of the Sect. 4 list of criteria for the
ideal biomass crop Mxg satisfies a large number of the criteria and is likely to have
a very high dry mass yield. Miscanthus has low nitrogen content in its mass, so it
requires less nitrogen fertiliser and its combustion produces less reactive nitrogen.
Some issues to resolve include achieving easy crop establishment using tissue
cultured plants. Weed competition has been a major difficulty, particularly in crops
being established in the autumn since there are weed species that grow better than
Mxg in the mild New Zealand winter climate. Potential issues, such as high moisture
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content at harvest if regrowth occurs in late winter, can only be resolved once the
New Zealand test plantings are old enough.

Lucerne. This perennial benchmark species is well proven for its moderate to high
dry mass productivity and adaptability to a wide range of environments, including
those that are considered marginal. While the yield is rather sensitive to low tem-
perature and low soil water supply that may also prove to be true of newer species.
Another feature of lucerne is past experience using the leaves for higher value feeds;
this would leave the stems as a lower-cost energy feedstock. Whole crop lucerne has
the same issue as maize silage: a fuel plant will need to compete with its high value
as livestock forage. Lucerne ticks many of the criteria of an ideal biomass species,
but not low nitrogen content and ease of establishment without irrigation or by mini-
mum tillage. On the other hand, management practices to deal with issues are well
developed.

Triticale. This high-yielding cereal grain was selected as the winter annual with the
best biomass potential, particularly for use in the cooler parts of New Zealand. Since
summer rainfall is much less likely to be limiting in the Southland region the crop
land would rarely be ‘marginal’ for soil water supply. However, there are other yield-
limiting factors such as low temperature that could be used to define marginal sites.

Since both winter annual and spring (summer annual) cultivars of triticale
produce good yields in the Southland region, there are two cropping scenarios that
could use triticale to maximise annual dry mass yield from a site. If used as a winter
annual (harvested midsummer) the late summer rainfall may be sufficient for a fast-
growing species between the harvest of one winter annual and the planting of the
next one, such as sunflower or hemp. This would make use of the solar energy that
would be missed between two triticale crops and increase the total biomass yield.
Alternatively, with triticale grown as a summer annual the second species would
need to be winter hardy and preferably a legume, such as tickbean (Vicia faba) or
crimson clover (Trifolium incarnatum). Triticale ticks a number of criteria of an
ideal biomass species, but not the ones to be a perennial, to have low nutrient
requirement, easy pest control, and low nitrogen and ash content.

Maize. This benchmark summer annual is the leading biomass crop in Europe,
mainly for use in anaerobic digesters for methane. So there are clearly some circum-
stances where it is justified to grow as biomass, even on regular arable crop land.
The use of maize grain for ethanol would be in direct competition with world
food supply, but the use of silage maize is only in competition with livestock forage.
If subtropical cultivars are grown in a crop rotation and treated differently than
forage (fertilised less and harvested prior to seed development) it would increase
sustainability relative to a continuous forage maize rotation.

Regarding its production on marginal land, the type of site would differ from
sorghum. Maize is too sensitive to water deficit for sites in the higher probability
range of drought. On the other hand, sites that are 2 °C too cool for sorghum are
still optimal for maize, so sites that are more prone to even cooler seasons may be
considered marginal for maize. The same argument as applied to soil water supply
in Sect. 8.2.1 may apply to maize regarding cool season risk. Maize ticks the ideal
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species criteria for high dry mass but not the ones to be a perennial, to have low
nutrient requirement, easy pest control, and low nitrogen and ash content.

Sorghum. Subtropical sorghum cultivars showed considerable promise for use in
the warmer regions of New Zealand, especially Northland. The trial was irrigated
due to an extended drought, so further tests in rain-fed marginal sites are required.
The criterion that biomass be produced on ‘marginal’ sites does create an argument
for excluding a summer annual grass like sorghum due to its high nitrogen fertiliser
requirement (see Sect. 4.2.3). However, use of a winter legume crop such as tick-
bean between sorghum crops could address this drawback. Sorghum ticks the ideal
species criteria for high dry mass and tolerance of water deficit but not the ones to
be a perennial, to have low nutrient requirement, early spring growth, and low nitro-
gen and ash content.

Species ranking: There is a good chance that both Miscanthus and Jerusalem arti-
choke will be ranked in the top three biomass species once the agronomic studies
characterise the two species’ potential in New Zealand. Quantifying the yield of
triticale in marginal site conditions also requires added field data or modelling.
However, we estimate it will rank in the first four species based on current knowl-
edge. Among the four better-known species the current ranking for use by
gasification using the criteria in this review is: (1) maize, (2) lucerne, (3) tickbean
and (4) sorghum. For discussion that includes preliminary findings from our 2012
field trials with Jerusalem artichoke see the review article by Kerckhoffs and
Renquist (Kerckhoffs and Renquist 2012).
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Biodiesel Production for Sustainable
Agriculture

Varsha Sharma, Kishan G. Ramawat, and B.L. Choudhary

Abstract Biodiesel is produced by transesterification of edible and non-edible oils
obtained from a wide range of plants. Biodiesel has developed rapidly as an eco-
friendly, renewable, alternative source of energy compared to the limited resources
of fossil fuels. There are wide ranging socio-economic implications of biodiesel for
rural population in developing countries because biodiesel is an agriculture-based
industrial product from plants. Diversion of edible oil for biodiesel, land use for
biodiesel crops, and technology for biodiesel production are issues to be addressed.
The use of edible and non-edible crops for biodiesel production and sustainability
are discussed in this article. Biodiesel, amounting to about 300,000 barrels per day
is mainly produced from edible oils and small quantities from non-edible oils from
Jatropha curcas. Jatropha curcas is a multipurpose, drought-resistant, biofuel tree
originating from Central and South America, though now growing pantropic.
Jatropha plants produce up to 6.5 t seeds and yield about 2,000 L oil per hectare.
Therefore agrotechnologies have to be developed towards mechanization and cost
reduction to make an industrial product. A debate has already been started about use
of edible oil for the production of biodiesel considering impact on land usage, prices
of edible oil and benefits to farmers. The other potential non-edible oil crops are
castor, neem and karanj (Pongamia). Therefore, a rational policy about biodiesel
crops has to be evolved looking to the various needs of a particular country. Use of
edible oil crops like soybeans, rapeseeds, sunflower and palm oil for non-edible
purpose is a matter of debate from socio-economic aspect as population of many
countries is malnourished. The Food and Agriculture Organization (FAO) of the
United Nations emphasizes that the versatility of Jatropha may make it useful in
poor, remote areas of the world.
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Abbreviations

EU  European Union

FAO Food and Agriculture Organization
UN  United Nations

USA  United States of America

1 Introduction

The crops that are used for biofuel production are called energy crops and the utilization
of energy crops as a source of renewable fuels is a concept with great relevance to
current ecological and economic issues at both national and international scales. The
relationship between biofuels, oil, and food markets is complex. Biofuel is liquid fuel
obtained from plants through specific chemical processes. It can either be biodiesel or
ethanol. In energy markets, biofuels are complementary with petroleum-based petrol
and diesel. The increasing price of petroleum products and concerns about oil produc-
tion are likely to have serious implications for the automobile industry in the forth-
coming era. Strong global growth in demand has caused food crop based biofuels to
become a significant consumer of food crops. Due to this shift in utilization of food
crops for biofuels production has resulted in increasing prices of edible oils in affected
markets (Collins 2008). Until now, biofuels have been produced by processing
agricultural crops using available technologies.

These so called first-generation biofuels can be used to blend with conventional
fuels in most vehicles and can be distributed through existing infrastructure.
Advanced conversion technologies are needed for a second generation of biofuels. The
second generation will use a wider range of biomass resources-agriculture, forestry
and waste materials and promise to achieve higher reductions in greenhouse gas
emissions and the costs of fuel production (Smeets et al. 2006; Hoogwijk et al.
2005). Agrotechnology for biodiesel crops is developing gradually to produce
renewable and environmentally friendly fuel. Plant based fuels are best renewable
sources, and its use can lead to a better balance of carbon dioxide and other green
house gases formation responsible for global warming. The bio-energy system
makes a significant contribution to the world’s growing energy needs. Brazil was the
first country to start a major biofuel program in the 1970s. The basis was ethanol,
produced from the country’s massive cane-sugar program. Biofuels are renewable,
non-toxic, biodegradable and they contribute to energy security and reducing
environment pollution. Biofuels can be produced from selected agricultural bio-
mass of crops they offer opportunities to improve the income levels of small holder
farmers. At a community level, farmers can cultivate energy crops that fetch an
income while also meeting their food needs (Reddy et al. 2008). Further, due to high
substitutability among major food crops and globally integrated markets, biofuels
production also affects non-biofuels crops. Higher food crop prices in turn increase
the feedstock cost for biofuels production. The renewable sources would only be
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able to compete with the fossil fuel resources if special plant crops containing
energy producing hydrocarbon like material are breed and cultivated (Kalita 2010).
The world-wide impetus for promoting biofuels has led to an increased focus on
technology development.

Efforts are being made to develop biofuels from microbes like Escherichia coli and
Saccharomyces cerevisiae (Kalscheuer et al. 2004, 2006). The first generation biofu-
els are obtained from edible crop plants like corn, wheat, maize, soybean, sunflower,
safflower, sugarcane, rapeseed and palm oil (Pinto et al. 2005; Demirbas 2006). The
second generation biofuels are obtained from non-edible crop plants like Miscanthus,
Panicum virgatum or switchgrass, Hevea brasiliensis or rubber seeds, Calotropis
gigantia, Euphorbia tirucalli, Jatropha curcas, Pongamia pinnata, and Calophyllum
inophyllum. The third generation biofuels are likely to be obtained from microalgae
like Botryococcus braunii, Chlorella sp., Dunaliella tertiolecta, Gracilaria,
Pleurochrysis carterae, Sargassum (Christi 2007; Miao and Wu 2004; Qin 2005).

It is evident from available information that food crops comprise about 30—40%
of the biofuel production. This has consequence in edible oil’s price (Mukherjee
etal. 2011). The current enthusiasm for biofuels has resulted in private venture capital
funding for startup biotechnology companies devoted to developing these species.
This is coupled with government sponsored research to improve the crops and
develop techniques for profitably processing the biomass into fuel (Waltz 2008).
Agrotechnology for biodiesel crops are the subject of improvements in crop produc-
tivity, crop suitability and biofuels processing are all within the realm of proven
biotechnological approaches. The production of ethanol from starch crops and biod-
iesel from oil crops is based on established technologies. In this review we consider
biodiesel as alternative source of energy with the current traits that make crops more
valuable for biofuel use in imminent era.

2 Biodiesel as Alternative Source of Energy

Nowadays, biodiesel fuel is an important energy resource because it is a secure,
renewable, and environmentally safe alternative to fossil fuels (Sadano et al. 2010).
In pursuit of better life, biofuels and bio-energy are being used as alternatives to
depleting resources in particular to “petroleum products”. These renewable energy
sources offer prospects of increasing energy supplies in a self reliant way in devel-
oping countries like India and also work as checkpoint for aggravating green house
gases (Fairless 2007). There are numerous eco-benefits to replacing oil with biofuels
like ethanol and biodiesel. For one, since such fuels are derived from agricultural
crops, they are inherently renewable. Emissions from burning biodiesel in a
conventional diesel engine have significantly lower levels of unburned hydrocar-
bons, carbon monoxide, carbon dioxide, particulate matter, sulfur oxides, odor, and
noxious smoke compared to emissions from petrodiesel (Razon 2009). Carbon
dioxide emissions from combustion of oxidized neat biodiesel produced 15 and 16%
lower exhaust carbon monoxide and hydrocarbons, respectively when compared to
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Fig. 1 General transesterification reaction of triglycerides for biodiesel production

petrodiesel (Abdul and Gerpen 2001), but there is a more significant carbon dioxide
benefit with biodiesel made from plant oils, i.e., growing biodiesel crops (Singh
and Singh 2010). During the photosynthesis process as the plants are growing and
developing, carbon dioxide is drawn from the environment into the plant tissues;
the plants are really carbon dioxide scrubbers. Biodiesel processed from plant oils
is carbon dioxide neutral. In addition, the plants release beneficial oxygen into the
environment. Accidental spills of biodiesel are far less of a problem compared to
petrodiesel. Pure biodiesel is fully biodegradable; in fact, about 98% of biodiesel
degrades in about 3 weeks (Leung et al. 2006). The biodegradable property of
biodiesel makes it an especially attractive fuel choice for environmentally sensitive
areas such as national parks, forests, and marinas (Singh and Singh 2010).

Biodiesel is defined as monoalkyl esters of long-chain fatty acid derived from
triglycerides or renewable lipid resources e.g. rapeseed oil, soybean oil, palm oil
with short-chain alcohols by transesterification or esterification (Fig. 1.) (Xu and
Hanna 2009). Glycerol, as the principal by-product from biodiesel production units,
is a low-cost renewable resource.

Several methods for the production of biodiesel have been developed using
chemical and biological catalysts, such as alkali and acidic compounds, and lipase
(Kim et al. 2007). Recently, biodiesel production with enzymatic transesterification
gained attention. Compared with chemical approaches, it conserves energy and easy
to recover the by-product glycerol, as no acidic or alkali catalysts have to be removed
from the product, and free fatty acid and water would not interfere with the reaction
(Meher et al. 2006). Cost effective and eco-friendly development is required for
biodiesel production. Involvement of private sector in this venture has accelerated
the process of technology development. Biodiesel is gaining importance as an alter-
native source of energy but technology for biodiesel production from plants as well
as combustion engine technology has to be refined in near future.

3 World Demand and Production of Biodiesel

World-wide production of biofuels is rapidly growing. Apart from the European
Union (EU) and the USA other countries like Canada, Brazil, Australia, India and
China also implemented targets for biofuels volumes and market shares. The demand
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Fig. 3 Biodiesel production in the world up to 2009 and projected production up to 2011

for biofuels in the USA, Europe, and other developed nations is partly driven by the
need to replace fossil fuels and lessen dependence on high-priced imported oil.
Biodiesel production in different countries is presented in Fig. 2. World biodiesel
production has grown considerably during the last decade and likely to reach
350,000 barrel per day in 2011-12 (Fig. 3). Recently, in the EU more than 20% of
edible oilseed production was processed into biodiesel. Biofuel demand depends on
economic profitability and on government subsidies and mandates for biofuel use.
In India, the energy demand is increasing at a rate of 6.5% per annum. The crude oil
demand of the country is met by import of about 80%. Thus the energy security has
become a key issue for the nation as a whole (Jain and Sharma 2010). Although an
increased demand for biofuels could help farmers by raising the price of their crops;
the higher prices could also hurt those same farmers, most of whom spend most of
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their income on food. The federal Energy Independence and Security Act of 2007
as amended in March of 2008 mandates 34.6 million tons (MT) of vehicle ethanol
fuel in 2008, 49.96 MT in 2012, and 56.78 MT in 2015 (Tweeten and Thompson
2008). According to estimates published by the European Commission (2006),
which are based on the same partial equilibrium model, oilseed area would be 0.75
million hectares (Mha) higher than without biofuel policies and reach 8 Mha as
compared to 7.25 Mha without the expected increase in biodiesel demand. Sunflower
seed area would expand by 0.2 to 1.7 Mha as compared to unchanged biofuel poli-
cies. Rapeseed area would increase by 0.55 Mha. Also cereal area could expand by
2.5-52.5 Mha as compared to the baseline.

The economic literature on the impacts of biofuels on agricultural markets is
scarce, as the biofuel boom appeared only recently. The expansion of biofuel produc-
tion and consumption is not limited to the United States. Increased crop-based
production took place in Brazil over the last several decades, as Brazil used sugar-
cane as a feedstock to produce ethanol, and then use ethanol on a large scale to fuel
vehicles. Canada has mandated that biofuels make up 5% of all transportation vehicle
fuel by 2010. Meanwhile, Argentina has a system of differential export taxes resulting
in a lower tax rates for biodiesel exports than the tax rates on feedstock exports such
as corn or soybean oil. With ever increasing world demand for fuels, alternative
sources have to be developed which are cost effective and eco-friendly. Still biodiesel
is mainly produced from edible oils (cultivated) and small quantities from non-edible
oils like Jatropha. Many issues need to be resolved before making a commercially
viable fuel, such as area under cultivation for edible versus non- edible crops,
production costs and issue related to subsidy by governments. If biodiesel has to
blend in fossil diesel all over the world, still there would be a big gap between
demand and supply.

4 Role of Food and Agriculture Organization
and Governments

The encouragements to biodiesel fuel programs by the governments in many coun-
tries have expedited the efforts for the development of different production technolo-
gies, the evaluation and performance testing of different biodiesel fuels in various
types of automotive vehicles, and the assessment of their impact on the environment,
economy and society are current themes of interest in biodiesel production (Tyagi
et al. 2010). The OECD-FAO Agricultural Outlook 2007-2016 projection states that
structural changes, such as increased feedstock demand for biofuel production, and
the recent reduction of surpluses due to past policy reforms, may keep prices above
historic equilibrium levels during the next 10 years (OECD-FAO 2007).

In the BRIC nations (Brazil, Russia, India and China), key government initiatives
are spawning hundreds of new opportunities for feedstock developments, biodiesel
production and export. At present, EU accounts for 66% of the world’s total biodie-
sel production, followed by the United States at 1.5 MT. The world biodiesel



Biodiesel Production for Sustainable Agriculture 139

production and capacity have increased from 7.1 MT in 2006 to 9.0 MT in 2007,
and 12.2 MT in 2006 to 23.1 MT in 2007, respectively. Currently, more than 200
nations will become biodiesel producing nations and suppliers (Xu et al. 2009). The
Indian draft policy, Government of India (2008) appeared to have backed off the
country’s exclusive promotion of Jatropha and instead called for the use of any
non-edible oilseeds grown on marginal, degraded or wastelands. The draft policy
also recommended establishing 20% blending targets by 2017 for both ethanol and
biodiesel. Government policies are also influencing biofuel industries in Canada,
Argentina, China, countries of the Former Soviet Union, Malaysia, and Indonesia.
The Government of India (Gol) has given a top priority for promotion and use of
non-edible oils such as Jatropha curcas, Pongamia pinnata, etc., for production of
biodiesel. Policies regarding use of crop plants for biofuel production and land use
for such crops are being refined in the developing countries, which are main producers
of edible and non-edible crops (FAOSTAT 2009). However, biofuels have to compete
with petroleum products when subsidies are withdrawn. Governments are support-
ing research and developments efforts to make biodiesel a success, including subsidy
on its production to reduce pollution and dependency on fossil diesel. Private indus-
trial participation is necessary to further develop the various aspects of technology.

5 Agrotechnology Traits for Biodiesel Crops

Agrotechnological traits play an important role in the development of new biofuel
crops andimprove the efficiency and costeffectiveness of these crops. Agrotechnology
is being used to improve the crops making them more productive or suitable to
biofuels use. Jatropha curcas oil contains about 14% free fatty acid which is beyond
the limit of 1% level which can be efficiently converted into biodiesel by
transesterification using an alkaline catalyst (Tiwari et al. 2007). The fatty acids
reported in a study of J. curcas oil are palmitic acid (11.3%), stearic acid (17%),
arachidic acid (4.7%), oleic acid (12.8%), and linoleic acid (47.3%) (Adebowale
and Adedire 2006). A potential major constraint in the widespread acceptance of
Jatropha as a source of biodiesel is the presence of phorbol esters, which, when
consumed by man and animal, are toxic and are also co-carcinogens (Makkar et al.
2009). So far sporadic efforts are made to improve J. curcas for biodiesel. Followings
are the important traits required for the pertinent biodiesel crop research.

e Improvement in the crop productivity.

e Improvement in the efficiency of photosynthesis.

* Development of hybridization methods for increasing the yield.
* Improvement in abiotic stress tolerance.

* Improvement in the efficiency to utilize nutrients.

e Enhanced biomass production.

* Preparing the crop for biofuel processing.

* Economic exploitation of cake and waste
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Jatropha seeds are manually collected, mainly from plants growing in wild.
Therefore, above mentioned agrotechnologies have to be developed towards mecha-
nization and cost reduction to make it an industrial product.

6 Crops for Biodiesel

Biodiesel can be produced from edible oilseed crops such as soybean (Glycine maxL.),
rapeseed (Brassica spp.) or sunflower (Helianthus annuus L.). Other vegetable oils
that have been used in biodiesel production include corn, cotton seed and peanuts.
However, given the large gap between the demand and supply of edible oils, many
countries cannot afford to use vegetable oils for biodiesel production. In addition,
the use of vegetable oil as fuel is less polluting than petroleum fuels (Jain and
Sharma 2010). Fortunately, bio-diesel can also be produced from non-edible oil
seeds from shrubs such as Ratanjot (J. curcas), karanj (Pongamia pinnata) and
neem (Azadirachta indica) (Reddy et al. 2008; Vasudevan and Briggs 2008). The
production of biodiesel from different crops and testing its efficacy was carried out
using internal combustion engine. The results are presented in Table 1.

The Jatropha seed is considered to be toxic to animals, one of the reasons it is
used as a natural hedge in developing nations. Recognition, that Jatropha oil can
yield an exceptional biodiesel has led to a surge of interest in Jatropha across the
globe, more so in view of the potential for avoiding the dilemma of “food vs. fuel”
(Reddy and Pamidimarri 2010; Mandpe et al. 2005). In the United States, biodiesel
is made from soybean oil, while in Europe; rapeseed (or canola) oil is a common
feedstock. In developing countries like India, Jatropha is a viable source of non-
edible oil. Crops currently using for biodiesel production and agrotechnology efforts
to improve the production and reduce the cost of biofuel in these species are
discussed. A debate has already been started about use of edible oil for the production
of biodiesel considering impact on land usage, prices of edible oil and benefits to
farmers. Therefore, a rational policy about biodiesel crops has to be evolved looking
to the various needs of a particular country.

6.1 Non-edible Oil Crops

6.1.1 Jatropha curcas
Biology

Jatropha curcas is a small tree belongs to the Euphorbiaceae family (Figs. 4, 5, 6, 7,
8 and 9). The leaves are cordate, 3-5 lobed and 10-15 cm long; stomata are
hypostomatic and paracytic (Rubiaceous) type. It flowers twice in a year in India,
during May—June and September—November. Seeds usually mature within a month.
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Fig. 5 Flowering stage in Jatropha plant. Under Indian conditions, the plant flowers twice in a
year

The inflorescence is axillary paniculate polychasial cyme (Fig. 5). The flowers
are unisexual, monoecious yellowish green in glabrous or pubescent cymes at the end
of the branches. Female flower produce higher amount of nectar than male flower.
Fifty percent of female flowers set fruit with 53% fertilization rate, 32% apomixes
rate and 2:3 seed-ovule ratio. Fruits are trilocular capsules (Fig. 6), 1.5-3.0 cm long.
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Jatropha trees produce many seeds that are very rich with oils, the seed contain
30—40% of oil with 21% saturated fatty acids and 79% unsaturated fatty acids. Oil
extracted from the seeds has traditionally been used as lamp oil and also in soap
manufacture (Reddy and Pamidimarri 2010; Giibitz et al. 1999).

Habitat

Jatropha is a vigorous, drought- and pest-resistant plant, and can grow under a wide
range of rainfall regimes ranging from 200 to over 1,500 mm per annum. Jatropha
trees will grow under a variety of conditions, withstanding high temperatures,
drought, slope, and varied pH levels. Most data comes from Jatropha production in
regions where water is either too scarce or too expensive with which to irrigate. The
rooting system is composed of three or four primary lateral roots spreading near the
soil surface and one vertical root that can reach down more than 5 m, allowing it to
survive in very dry climates. Jatropha has shown high demands for nitrogen and
phosphorous, the demands for nitrogen and phosphorous can be easily met, as
Jatropha is highly efficient at adsorbing nutrients from marginal soils.

Occurrence

Jatropha curcas is a multipurpose, drought-resistant, biofuel tree originating from
Central and South America, but now growing pantropic. It is indigenous to the
Caribbean, but it is used around the world in Central and South America, India,
Africa, and Southeast Asia to provide natural hedges and fence-rows, as it is not
browsed by most livestock.

Fig. 6 Fruiting stage in Jatropha plant; under cultivation the plant bears heavy fruiting
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Fig. 7 Nursery of Jatropha plants, ready for transplantations

Fig. 8 Jatropha plantation at Dariba, near Udaipur

Plantation

Propagation of Jatropha can be done by seed or by cuttings, with trees grown from
seeds (Fig. 7) producing harvestable seed crops within 2 years and trees grown from
cuttings producing harvestable seed in the first year of growth. The estimated
potential area of Jatropha plantation is 59-1,486 Mha worldwide, and the potential
production is 563,613 MT dry seed per year (Li et al. 2009). It has been estimated
that 1 ha plantations (Fig. 8) of Jatropha trees could produce up to 6.5 t of seed per



146 V. Sharma et al.

Fig. 9 Pruning in Jatropha plants results in multiple braches and increased yield of fruits

year and about 2,000 I of oil, which can be used for soap-making, various medical
treatments, and production of diesel fuel. This kind of information can be used for
policy makers and prospective countries should identify their land areas suitable for
Jatropha plantations using geographic information system and other land suitability
modeling. Although Jatropha is expected to ease fuel shortage and global warming
potential, the large-scale cultivation has become more controversial, with growing
awareness of loss of biodiversity and food security (Abhilash et al. 2011). To con-
tribute to the fuel supply, renewable energies such as Jatropha appear to be an
attractive resource for biodiesel production in India and other countries as it can be
grown on waste land and does not need intensive water supply (Leduc et al. 2009).

Agrotechnology

J. curcas is still an undomesticated plant in which many basic agronomic properties
are not yet thoroughly understood (Achten et al. 2008). J. curcas bears bunch of
fruits at the apex of the branches. Therefore, limited branching is considered one of
the major factors limiting yield in this species. Manual pruning is one of the major
management practices in commercial plantations of this crop (Fig. 9), resulting in
production of more branches and thus increased potential for more inflorescences
leading to a higher seed yield. However, this method is time-consuming, labor-
intensive and expensive, e.g., plant growth regulators caused an increase in the seed
hydrocarbon content in response to hormonal application to J. curcas (Augustus
et al. 2002). Nitrogen supply can improve the plant growth, though plant can grow
in low nitrogen and adapt to drought stress (Wang et al. 2011).
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A single foliar application of N6-benzyladenine at 12 millimolar (mM) significantly
increased branches in both the pot (4.0) and field (13.2) trials compared to manual
pruning (1.8 and 5.7, respectively) and control (no new branches) plants. In the field,
a single foliar application of 1.0 mM 2,3,5-triiodobenzoic acid (TIBA) resulted in a
significant increment in the number of branches (15.9) after 7 months. Of all the
plant growth regulators examined, 2,3:4,6-di-O-isopropylidene-2-keto-L-gluconic
acid (a pesticide, common chemical name, dikegulac) at 2.0 mM produced the maxi-
mum number of branches (18.0) in the field 7 months after application (Abdelgadir
et al. 2009). The same authors reported that a single foliar application of
No6-benzyladenine produced more flowers per plant, more fruits per bunch, heavier
and bigger fruits and seeds with more oil compared to manual pruning. Treatment
with TIBA yielded more flowers per plant and heavier fruits with a higher oil content
than the control and manually pruned plants. Treatment with dikegulac yielded simi-
lar results. More fruits per bunch and more seeds per fruit were also produced. Maleic
hydrazide treatment yielded more flowers per plant, heavier and bigger fruits with
more, heavier, oil rich seeds compared to the control and manual pruning. This study
indicated that foliar application of plant growth regulators (PGR) as chemical
branching agent in J. curcas may have a sequential effect in boosting seed produc-
tion, seed oil content and improves fruit quality (Abdelgadir et al. 2010).

Biodiesel Production

The common oilseeds as soybean, cottonseed, sunflower and rapeseed are rich
sources of phospholipids (Nieuwenhuyzen and Tomas 2008). Phospholipids pose
many problems for the storage and processing of the crude oil and are removed from
oil during refining by a process known as degumming. The oil obtained by mechani-
cal crushing (machines known as expeller) or solvent extraction is termed “crude”
oil, as it contains a number of impurities. Some of the impurities, such as seed frag-
ments and meal fines, are oil insoluble and thus can be readily removed by filtration.
Others, including free fatty acids, hydrocarbons, ketones, tocopherols, glycolipids,
phytosterols, phospholipids, proteins, pigments, and resins, are soluble or form
stable colloidal suspensions in the oil. Most of these have unfavorable effects on the
flavor, odor, appearance, and shelf life of the oil, and therefore have to be removed
from the vegetable oils by chemical or physical refining processes (Zufarov et al.
2008). Currently, industrial-scale biodiesel synthesis relies on the chemically-cata-
lyzed transesterification of vegetable oils with short-chain alcohols, usually metha-
nol. Chemically-catalyzed transesterification of triglycerides to their corresponding
alkyl esters provides high conversion yields with short reaction times. When acid
catalysts are used, careful removal of catalyst residues from the final product, entail-
ing large volumes of wash-effluent, is required to avoid damage to engine parts
(Jachmanian et al. 2010). There are various technologies explored for the develop-
ment of biodiesel process at pilot plant scale using Jatropha oil as the raw material
with methanol and sodium hydroxide as the catalyst and evaluate the produced
biodiesel as a fuel. Studies of biodiesel production from Jatropha oil by
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transesterification on both bench and pilot scales have been developed and evalu-
ated (Diwani et al. 2009). The optimization of biodiesel production was reported in
J. curcas oil via alkali-catalyzed methanolysis. The reaction was in the presence of
NaOH as catalyst was carried out to investigate the optimum conditions and to study
the effects of variables on the reaction. These variables included methanol-to-oil
molar ratios of 4:1-10:1, catalyst concentrations of 0.25-2.0% w/w of oil, reaction
temperatures of 32—-60°C, and reaction times of 5—40 min. Due to the low price of
sodium hydroxide, the short reaction time, and high methyl ester content obtained,
these optimum conditions can be used in large-scale production to reduce the cost
of production (Nakpong and Wootthikanokkhan 2010). From the ongoing account
it is clear that technology development is in its preliminary phase and refinement for
industrial process is required.

6.1.2 Pongamia pinnata

Pongamia pinnata (L.) Pierre tree belongs to the family Fabaceae, popularly known
as ‘Karanj’ (in Hindi). It is known for its multipurpose benefits and as a potential
source of biodiesel (Sharma and Singh 2008; Kesari et al. 2009). Its added benefits
to grow on marginal lands make it a suitable candidate in agro-forestry. These prop-
erties support the suitability of this plant for large-scale production required by a
sustainable biodiesel industry (Scott et al. 2008; Kesari and Rangan 2010). The seeds
contain about 28-34% oil with a high percentage of polyunsaturated fatty acids. The
tree can grow on unproductive land and is adaptable to wide agro-climatic condi-
tions (Kesari and Rangan 2010). The Ministry of Agriculture through National oil
seeds and vegetable oils development board (NOVOD) is promoting Pongamia under
the scheme of Integrated Development of tree-borne oil seeds. The NOVOD board
has undertaken the plantation model of Pongamia in an area of approximately
1,400 ha for producing parent material for large-scale plantation (NOVOD Report
2009). Biodiesel production from the non-edible oil of P. pinnata by transesterification
of the crude oil with methanol and KOH as catalyst has been established. A maximum
conversion of 92% (oil to ester) was achieved using a 1:10 M ratio of oil to methanol
at 60°C. When tetrahydrofuran was used as co-solvent, the conversion increased to
95% (Karmee and Chadha 2005). Agrotechnology for systematic cultivation and oil
production are still required for the plant.

6.1.3 Ricinus communis

Ricinus communis belongs to the family Euphorbiaceae and it is commonly known
as castor oil plant. Castor oil is extracted from the seeds, which contain about 46%
oil. This oil is highly viscous. Castor oil dissolves easily in alcohol, ether, glacial
acetic acid, chloroform, carbon sulfide, and benzene. It’s made up of triglycer-
ides: 91-95% ricinoleic acid, 4-5% linoleic acid, and 1-2% palmitic and stearic
acids. Besides being used as a laxative, castor oil is widely used in the industrial
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field because of its many properties. In the textile industry, castor oil is used for
moisturizing and removal of grease in fabrics, and for the manufacturing of water-
proof fabrics. The leftover seedcake (protein-meal) has a highly-toxic component
known as ricin, a blood coagulant that can be lethal in very small doses. There are
expensive means of detoxifying the seedcake after oil extraction, if the high-pro-
tein meal needed to be used as animal feed. The oil can be used in medicinal
applications as well, but only in small doses. Under irrigation, yields from castor
bean can exceed 1,000 kg/ha of seed regularly, and experimental tests in the
U.S.A. and Brazil have given yields up to 5,000 kg/ha. Although there is potential
for very high oil yield from castor bean, the fact it is considered a weed by many
agricultural producers certainly limits its viability as an option to produce
significant amounts of biodiesel (Poteet 2006). Castor oil is already used as auto-
mobile lubricant (industrial process) and its diversion in to biodiesel may affect
market cost.

6.1.4 Azadirachta indica

The neem tree (Azadirachta indica) is an evergreen tree of the family Meliaceae and
is native to India and Burma. Neem trees are fast-growing and can grow up to 35 m
tall, and although evergreen, they will lose their leaves in times of severe drought. One
tree can produce millions of flowers, and in one flowering cycle, a mature tree may
produce many thousands of seeds. Seeds are small and round to oval in shape, with oil
content ranging from 20 to 33%, depending on the variety. It is estimated that a mature
neem tree may produce 30-50 kg of fruit each year. Neem trees are considered to be
a sacred tree in India because of their multitudinous uses. Products derived from the
neem tree include neem oils, bark, leaves, and seed cake, each of which can serve a
different purpose. In India, neem oil extracted from seeds is used for soap primarily,
but it is also used in medicine and as a natural pesticide, capable of repelling various
harmful insects from food and fiber crops (Pal 2007). There are many uses of leaves,
bark and seed oil neem plant. It is mainly used as avenue tree. How much seeds are
available for biodiesel production has to be surveyed properly.

6.1.5 Algae

Algae, mainly microalgae, have recently gained attention as a new biomass/biolipid
source for the production of biodiesel. It has unique benefits as an aquatic species
and do not require arable land for cultivation (Wawrik and Harriman 2010). This
means that algae cultivation does not need to compete with agricultural commodi-
ties for growing space (Haag 2007). Microalgae are photosynthetic microorganisms
which convert sunlight, water and CO, to sugars, from which macromolecules, such
as lipids and triacylglycerols can be obtained. These triacylglycerols are the promising
and sustainable feedstock for biodiesel production (Khan et al. 2009). The algae
that are used in biodiesel production are usually aquatic unicellular green algae.
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Under good conditions, green algae can double its biomass in less than 24 h (Christi
2007). Additionally, green algae can have huge lipid contents, frequently over 50%.
This high yield, high density the use algae as a source of biomass for fuel produc-
tion is investigated, in terms of its productivity, practicality, and innovative potential
to create a cost competitive, environmentally friendly, and renewable source of
liquid fuel. The annual productivity and oil content of algae is far greater than seed
crops, e.g., soybean produces about 450 L oil per hectare, canola produces
1,200 L/ha, and palm produces 6,000 L/ha; compare that to algae can yield 90,000 L/
ha (Christi 2007). Oil content was found in different green algae on the basis of dry
weight, Chlorella spp. 28-32%, Nitzschia spp. 45—47%, Nannochloropsis spp.
31-68% and Schizochytrium spp. 50-77% (Campbell 2008).

In order to efficiently produce biodiesel from algae, high productivity of fatty
acid-containing lipid components is essential when the algae are grown in open
culture systems (Bisen et al. 2010).

The pilot plant designs are used for microalgae culture of high oil content spe-
cies. There are two methods of large-scale production of microalgae: raceway pond
and tubular photobioreactor (Janssen et al. 2003). On the one hand, closed photo-
bioreactors have had more significance, because they allow a better control of the
cultivation conditions than open systems. Therefore, closed photobioreactors have
some advantage: higher biomass productivities are obtained and contamination
troubles are controlled (Pegallapati and Nirmalakhandan 2011). On the other hand,
open ponds have easier operation and construction, although they are limited in the
control of culture conditions. It is the best system for mass cultivation of microalgae,
moreover, raceway ponds are the most profitable (Ugwu et al. 2008). Algal oil can
be an economic source for biofuel in the future is still highly dependent on the
petroleum oil price.

6.2 Edible Oil Crops

There is heated debate about whether to use edible oil crops for biofuel production
or not as well as cultivation of non-edible crops like Jatropha on land already under
agriculture use. Currently, more than 95% of the world biodiesel is produced from
edible oil which is easily available on large scale from the agricultural industry.
However, continuous and large-scale production of biodiesel from edible oil without
proper planning may cause negative impact to the world, such as depletion of food
supply leading to economic imbalance. A possible solution to overcome this problem
is to use non-edible oil or waste edible oil (Gui et al. 2008). The natural issue arising
from the diversion of arable land from food production to bio-energy crops is that
how will this affect food production and food security? Biofuel proponents, and
there is already a vocal ‘biofuel lobby’, argue that bioenergy crops would only be
grown on degraded or wasteland, not fertile land. But, if the wasteland is capable of
supporting Jatropha cultivation, should it not be used for the cultivation of selected
cereal or oil crops, or if not that, then fodder grasses? India and all of South Asia
have large livestock populations, which serve as additional support for local food
security. The region is deficient in fodder and all kinds of non-arable land should be



Biodiesel Production for Sustainable Agriculture 151

diverted to fodder grasses, not crops to produce agrofuels (Sahai 2010). Use of
edible oil crops for non-edible purpose is a matter of debate from socio-economic
aspect as population of many countries is malnourished.

6.2.1 Glycine max

Soybean is an annual crop grown in temperate, subtropical and tropical climates
around the world, and its primary producers are the United States, Brazil, Argentina,
China, and India. Soybean oil is the major edible oil in the world. Uses for soybean
include as an edible vegetable, as a source for cooking oil, as a crop for pasture,
fodder, or silage, and as a source for oils used in the manufacture of paints, lino-
leum, oil cloth, printing inks, soap, insecticides, and disinfectants. The average oil
content for soybeans is 18-20%, with protein content of 40%. In favorable condi-
tions, a high yield of soybeans seeds around the world is approximately 1,700 kg/
ha. Soybean oil deodorizer distillate (SODD) is a valuable by-product in the refining
of soybean oil and amounts to 0.2-0.5% of the feedstock. It is rich in triglycerides,
free fatty acid, natural tocopherols (vitamin E) and sterols, which are widely used in
the biofuel, food and pharmaceutical industries (Yun et al. 2010). An efficient
method to recover acid oil from soybean soapstock has been investigated. This soap
splitting (SS) process can be successfully operated at ambient temperature only
with water and sulfuric acid. Maximum yield (97%) of acid oil was achieved based
on the total fatty acids of soybean soapstock. The advantages of this process revealed
a prospect option to utilize SS for biodiesel production. (Balan et al. 2009: Wang
et al. 2007). Soybeans are edible and protein rich crops. Surplus oil may be diverted
at present for biodiesel technology development but ultimately alternative non-edible
crops have to be developed.

6.2.2 Helianthus annuus

Sunflower is an annual, upright, broadleaf plant with a growing cycle of approxi-
mately 4 months from planting to maturity. It is native to the western United States,
and it was spread throughout North America by Native Americans. The seeds are
harvested for edible oil production, commercial birdseed, and as a snack-food for
human consumption.

Production of sunflower takes place all over the world, including western Russia,
Ukraine, and Argentina. Average yields of approximately 1,500 kg/ha are lower
than soybean yields, and the necessary inputs are greater (Pimentel and Patzek
2005). A continuous process was developed for production of biodiesel from
sunflower oil in basic medium. The conditions of conducting the process were found
with consideration of the kinetics of the interesterification reaction. The modeling
method is widely used for obtaining reliable information on the process due to its
expanded thermodynamic packages, extensive data on components, and improved
methods of calculation, although it also gives some anticipated differences from the
real data from conducting the process (Maceiras et al. 2010; Balan et al. 2009).
Similar to soybean, it is primarily edible oil and diversion to non-edible purposes is
not likely to be encouraged in near future.
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6.2.3 Elaeis guineensis

Palm oil is derived from the fruit (both the flesh and the seed) of a tall palm species
that can grow up to 20 m (over 65 ft) tall. The fruits are produced in large clusters
numbering from 200 to 300 per cluster, weighing up to 10 kg. Each fruit is about the
size of a plum, and the oil content of the fleshy endosperm can be anywhere from 40
to 70% in some varieties, and palm kernel oil contents are typically about 50%. The
oil palm originated along the western coast of Africa, and has since spread to most
tropical areas in the world. Palm oil is used as an ingredient in margarines, vegetable
oils, candles, lubricants, soaps, and more recently, biodiesel production. According
to the U.S. Department of Agriculture, 28 MT of palm oil were produced world-
wide in 2004, and it is on pace to surpass soybean oil as the most widely pro-
duced vegetable oil in the world. Demand for palm oil is rising particularly for use
as a biodiesel fuel. The demand for palm oil usage is forecast to double by 2020
(Yusof and Arif 2005). To achieve that production increase, 1,160 new square miles
will have to be planted every year for 20 years. Palm oil is good candidate as its oil
is not preferred over soybean and sunflower but production cost and area under
cultivation are important.

6.2.4 Brassica napus

Rape is a cruciferous crop that produces storage root below ground and vegetation
similar to kale above ground. The rapeseed is harvested for oil production, with an
increasing demand for use as a biodiesel source worldwide. Rapeseed oil is also
used in lubricants, illuminants, and soap manufacturing. It is primarily produced in
Canada (known as canola oil) and Western Europe, but significant production also
takes place in China. Oil contents for rapeseed average between 37 and 50%, mak-
ing it a high-yielding oil crop. Seed yields can vary from 900 to 3,000 kg/ha and
yields of 1,500 kg/ha would yield approximately 500 kg of oil and 1,000 kg of a
high protein meal remaining after oil extraction. Biodiesel production from rape-
seed is used in a major way using different biodiesel production technologies (Long
et al. 2011). How much edible oil can be diverted in the production of biodiesel
without affecting the food security has to be seen in near future.

7 Economic and Environmental Benefits

Advantages and disadvantages of using biodiesel as an alternative source of energy
are summarized in Table 2. Encouragement of biodiesel is mainly because of
reducing dependency on limited resources of fossil fuel, developing alternative
fuels from renewable sources, benefits to farmers and less pollution in the environ-
ment or higher carbon credits. Agriculture based industrial process development is
always beneficial to masses as agriculture is the prime profession in many developing
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Table 2 Advantages and disadvantages of biodiesel production and usage

S.No. Advantages

Disadvantages

1.

It is made from renewable resources

Currently, it is more expensive than fossil
diesel fuel.

2. Fossil diesel fuel is a limited resource; Biodiesel is currently mostly produced
biofuels can be manufactured from a from edible oil which could lead to
wide range of materials including crop shortages and increased prices. The end
waste, manure, and other by products. result of this could be more hunger in

the world.

3. It causes less pollution as compared to It tends to reduce fuel economy.
fossil diesel-powered engines.

4. It is relatively less inflammable compared It is less suitable for use in low
to the fossil diesel. temperatures

5. It is biologically degradable and reduces It cannot be transported in pipelines and
the danger of contamination of soil and gives out more nitrogen oxide
underground water during transport, emissions.
storage and use.

6. Its refineries are comparatively simpler and It can cause inner fuel tubes of older
environmental-friendly in design than vehicles to lose their long-lasting
typical petrochemical refineries. qualities.

7. Biodiesel has very good lubricating It can only be used in diesel-powered
properties, significantly better than engines.
fossil diesel which can prolong
engine’s life.

8. Biodiesel, despite emitting significantly It is more likely than fossil diesel to attract
less harmful carbon emission compared moisture, which can cause problems in
to standard diesel, still somewhat cold weather (fuel freezing, deposit of
contributes to global warming and water in the vehicle fuel delivery
climate change. system, fuel cold flow, clouding, and an

increased corrosion, for example) and
increase the risk of microbial growth
(which can also clog engine filters).

9. It is suitable for catalytic converter. Suitable technology and public distribution

system have to be developed.

countries. These processes can provide cost benefits to farmers. Since the plant like
Jatropha can be grown on marginal lands, use of such land will provide additional
benefits to farmers as these crops will not compete with irrigated crop land. Major
impact will be on environment because of large acres cultivation of plants on land
otherwise lying barren (Anonymous 2010; Achten et al. 2007). When crop like
soybean is used, soybean biodiesel produces 41% less greenhouse gas emissions
than diesel fuel. Soybeans have another environmental advantage over crop like
corn because they require much less nitrogen fertilizer and pesticides, which get
into groundwater, streams, rivers and oceans. These agricultural chemicals pollute
drinking water, and nitrogen decreases biodiversity in global ecosystems. Nitrogen
fertilizer, mainly from corn, causes the ‘dead zone’ in the Gulf of Mexico (http://
www.sciencedaily.com/releases/2006/07/060710180310.htm). It is evident from
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Fig. 10 Economic and environmental benefits of cultivation of Jatropha curcas on large waste
lands for sustainable agriculture. Besides control of soil erosion and clean environment (soil, water
and air), it provides seed cake and glycerol as by-products which have many uses in agriculture,
cosmetic and medicinal industries

available data, usage and economic benefits that J. curcas is attaining significant
importance in the rural economy of developing countries and will have an impact
on socio-economic status of community being a labor intensive crop. The major
benefits are summarized in Fig. 10.
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8 Impact on Agriculture Sustainability

Biofuels have become a major issue on global commodities markets over the last
years as they are increasingly put forward as politically, environmentally and eco-
nomically friendly alternatives to fossil fuels. Currently biodiesel is obtained from
both edible and non-edible crops. In fact, no project can be considered sustainable
if it is not both economically and socially sustainable. Sustainability can be framed
by three inseparable dimensions: environmental, economic and social (Achten
et al. 2007). If the plant like J. curcas is produced on lands which are not suitable
for edible crop production, this will have no problem. Although even some basic
agronomic characteristics of J. curcas are not yet fully understood, the agrotech-
nology is being developed rapidly. Preliminary lifecycle energy and greenhouse
gas balances are positive for J. curcas, but the green house gas balance is expected
to be much dependent on the type of land use. The other factors important for the
sustainability are: cultivation intensity, the distance to markets, soil, water, vegeta-
tion structure and biodiversity. Next to biodiesel production and wasteland recla-
mation, J. curcas also hosts socio-economic development potential. The
multipurpose character of the plant (Fig. 10) and the labor-intensive production
chain are thought to be the main drivers for rural development in most of the devel-
oping countries.

Soybean biodiesel produce more energy than is needed to grow the crops and
convert them into biodiesel. However, biodiesel cannot come close to meeting the
growing demand for alternatives to petroleum products. Dedicating all current U.S.
corn and soybean production to biofuels would meet only 12% of gasoline demand
and 6% of diesel demand. Therefore, It may be concluded that agriculture sustain-
ability will depend upon future technology development in coming years to make
biodiesel an alternative source of energy.

9 Conclusion

Biofuels have the potential to substitute for some of that “fossil” oil. The need for
substitution is driven by rapidly increasing carbon dioxide concentrations in the
atmosphere, caused by burning fossil fuels, with associated global warming which
is suggested to cause a 0.5 mrise in the sea level by the end of the century. Biodiesel
demand is constantly increasing as the reservoir of fossil fuel are depleting.
Unfortunately biodiesel produced from oil crop, waste cooking oil and animal fats
are not able to replace fossil fuel. The viability of the first generation biofuels
production is however questionable because of the conflict with food supply.
Jatropha plant is projected as major player in biodisel production using marginal
soils. Microalgae is other alternative for oil production in place of land crops.
Microalgal biorefinery approach can be used to reduce the cost of making microal-
gal biodiesel. Microalgal-based carbon sequestration technologies cover the cost of
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carbon capture and sequestration. On the same time, quality standards for biodiesel
are developing and quality certification systems have started to emerge, prompting
engine manufacturers to extend their warranties. However, the economics of today’s
diesel prices and the prices of potential feedstock sources do not seem promising
without continued government support and technological improvements. Projected
increases in vegetable oil prices, especially soybean oil, will continue to squeeze
margins for biodiesel producers. Even with supportive policies and infrastructure,
time will be needed before second generation biofuels will be able to make an
impact in any developing country, because of the research, development and dem-
onstration requirements needed to reach the commercial implementation stage.
Given the still-early point in commercial development of second-generation biofuel
technologies, it is difficult to project what role developing countries are likely
to take in a global biofuel economy in the long term. One possibility is that they
simply become exporters of second generation feed stocks, taking advantage of
their favorable natural climates and low labor costs for growing biomass. A more
attractive evolution would be their becoming producers, users and exporters of
finished biofuels, thereby retaining domestically more of the considerable added
value involved in the conversion of the feed stocks to finished fuels.
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Forage Legume Intercropping in Temperate
Regions: Models and Ideotypes
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Vuk Dordevi¢, Vesna Peri¢, Mirjana Srebrié, Svetlana Antanasovic,
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Abstract This chapter shows that our models of intercropping do not increase the
costs of sowing. The crude protein content in forage dry matter remains high, even
with short growing seasons. The models fit easily into various cropping systems
and do not require synthetic fertilisers or herbicide. Intercropping is one of the
oldest agricultural practices worldwide. Intercropping is beneficial in many ways,
encompassing better utilisation of soil resources such as water and nutrients,
improved tolerance to abiotic and biotic stress such as low temperatures, drought,
pests and diseases and environment-friendly services such as decreased demand for
chemical weed control and mineral fertilisers. Despite its long tradition, intercrop-
ping offers constant challenges in examining diverse aspects of newly-designed
crop associations. One of the most recent and thoroughly studied is intercropping
annual temperate legumes with each other for forage production. We established
four main principles for such intercropping: same time of sowing; similar growing
habit; similar cutting time; and one component has good standing ability (support-
ing crop) and another is susceptible to lodging (supported crop). Here we review the
basic agronomic performance of three main intercropping groups, namely (1)
autumn- and spring-sown ‘tall’ cool season legumes; (2) autumn- and spring-sown
‘short’ cool season legumes; (3) early and late maturing warm-season annual forage
legumes. Intercropping autumn-sown faba bean with autumn-sown common vetch
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had balanced total forage dry matter yield and Land Equivalent Ratio (LER) of 1.42.
All combinations of autumn-sown and spring-sown intercrops of semi-leafless and
normal-leafed peas resulted in LER values higher than 1. The intercrop of pigeon
pea and lablab bean had LER values of 1.12 and 1.10. Majority of the intercrops are
justified as economically reliable by Land Equivalent Ratio (LER) values.

Keywords Annual legumes * Environment-friendly forage production ¢ Ideotype
¢ Intercrop modelling * Land equivalent ratio

1 Introduction

Cropping systems based on carefully designed species mixtures have numerous
potential advantages under various conditions in comparison to modern monocrop
systems with clearly negative impacts on soil and water quality and on biodiversity
conservation (Malézieux et al. 2009). Intercropping was one of the most ancient
cropping systems, especially in Europe and before the ‘fossilisation’ of agriculture
with synthetic fertilisers and pesticides (Hauggaard-Nielsen et al. 2011). It is gener-
ally considered beneficial in many ways, encompassing better utilisation of soil
resources such as water and nutrients, improved tolerance to abiotic and biotic stress
such as low temperatures, drought, pests and diseases and environment-friendly
services such as decreased demand for chemical weed control and mineral fertilis-
ers. Despite its long tradition, intercropping offers constant challenges in examining
diverse aspects of newly-designed crop associations.

The term intercropping is commonly regarded by agronomists worldwide in an
identical manner. One of the clearest definitions is that it represents simultaneous
cultivation of at least two crops in the same field (Willey 1979). In a more complex
context, it may be regarded as a practical application of ecological principles with
respect to biodiversity, plant interactions and other natural regulation mechanisms
(Vandermeer et al. 1998). The intercrop components differ in competitive ability for
growth factors and therefore use resources in a complementary way (Anil et al.
1998). The reliability of an intercrop is usually evaluated by means of Land
Equivalent Ratio (LER), based upon the yields of each component as sole crops
and in intercrops, where an intercrop is justified if its LER value is higher than 1
(KadZziulien¢ et al. 2011):

LER = Y, (IC)/ Y, (SC)+ Y, (IC)/ Y, (SC),

where Y, (IC) is the yield of the intercrop component A in intercropping, Y,(SC) is
the yield of the intercrop component A in pure stand, Y (IC) is the yield of the
intercrop component B in intercropping and Y ,(SC) is the yield of the intercrop
component B in pure stand. Among other parameters validating intercrops is
Monetary Equivalent Ratio (MER) that measures the economic advantage of inter-
cropping over the sole crop with the largest economic return and with a different
trend than LER for the same intercrop (Adetiloye and Adekunle 1989).
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Fig. 1 Intercropping of faba
bean with wheat (Hauggaard-
Nielsen et al. 2011)

Legumes (Fabaceae Lindl., syn. Leguminosae Juss.) are one of the largest plant
families in the world, comprising annuals and perennials, herbaceous plants, shrubs
and trees, and species of temperate and tropical regions, many of which are eco-
nomically important (Miki¢ et al. 2011b). Annual legume species such as pea
(Pisum sativum L.), chickpea (Cicer arietinum L.), lentil (Lens culinaris Medik.),
bitter vetch (Vicia ervilia (L.) Willd.), faba bean (Vicia faba L.) and grass pea
(Lathyrus sativus L.) are considered one of the first domesticated crops, directly
carrying out so-called agricultural revolution of the post-glacial Eurasia together
with cereals (Miki¢ et al. 2011a). Lucerne (Medicago sativa L.) and red (Trifolium
pratense L.) and white (Trifolium repens L.) clovers are among the most significant
perennial forage legume crops in temperate climates. All cultivated legume species
are one of the least expensive sources of quality protein for humans and animals.
Due to the symbiosis with nitrogen-fixing bacteria, legumes restore and maintain
soil fertility (Singh et al. 2007) and are inevitable in the remediation of wastelands
and heavily degraded agroecosystems. The contribution of legumes in intercropping
systems (Fig. 1) is widely acknowledged, especially by higher yields of the non-
fixing intercrop components in comparison to monocultures (Corre-Hellou et al.
2006). Due to their ability of biological nitrogen fixation, legumes are largely
involved in both facilitation and dynamics of nitrogen in various plant communities
(Hauggaard-Nielsen and Jensen 2005; Fustec et al. 2010). Intercrops including
legumes generally improve both temporal and spatial resources such as light, land,
water and nutrients (Hauggaard-Nielsen et al. 2008).
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2 Intercropping Legumes with Other Crops

Intercropping annual legumes such as pea or common vetch (Vicia sativa L.) with
cereals is one of the oldest agricultural practices for both forage and grain production
(Mihailovi¢ et al. 2004). The most common small grain crops intercropped with
annual legumes in many European regions are common wheat (Triticum aestivum L.),
durum wheat (7riticum durum Desf.), barley (Hordeum vulgare L.), oat (Avena
sativa L.) and triticale (x Triticosecale Wittm. ex A. Camus.). As a rule, cereals
profit from intercropping with annual legumes in diverse ways. Intercropping faba
bean with barley produces higher yield than monoculture of each crop species
(Agegnehu et al. 2006). In temperate regions, the crude protein content in grain dry
matter of durum wheat may be higher up to 14% when intercropped with pea than
in monoculture (Bedoussac and Justes 2010a). Also, the intercrops of barley with
faba bean, pea and white lupin (Lupinus albus L.) produce at least the same forage
dry matter yields and had significantly higher protein content in comparison to sole
crop barley (Strydhorst et al. 2008). Intercrops of autumn-sown annual legumes and
small grains have beneficial effects on the succeeding spring-sown forage crops
(Cupina et al. 201 1a). Similarly, intercrops of annual legumes with cereals may play
important role in tropical climates. Intercropping cowpea (Vigna unguiculata (L.)
Walp.) and lablab bean (Lablab purpureus Sweet) with maize (Zea mays L.) and
sorghum (Sorghum bicolour (L.) Moench) enhance dry season feed availability in
sub-equatorial Africa (Ngongoni et al. 2007). When intercropped with rice (Oryza
sativa L.), mung bean (Vigna radiata (L.) R. Wilczek) significantly improve the
formation of arbuscular mycorrhizas, particularly in rice roots (Li et al. 2009). On
the other hand, cereals have a higher competitive ability than legumes as a result of
their below-ground competitive ability (Mariotti et al. 2009) and thus may reduce
light absorption and biomass production in the legume component (Bedoussac and
Justes 2010b) or decrease the yield components in comparison to its monocrop
(Sobkowicz 2006).

In many temperate and humid regions, annual legumes may be intercropped with
brassicas (Brassicaceae Juss.). Generally, brassicas such as rapeseed (Brasica napus
L.) act as a more appropriate companion than barley in the intercrops with legumes
such as pea, since the latter is too strong a competitor, resulting in more efficient
nitrogen fixation (Andersen et al. 2004). The root architecture in legume-brassica
intercrops, such as faba bean with rapeseed and common vetch with fodder cabbage
(Brassica oleracea L.), differs from that in monocrops, particularly taproot, reducing
the effect of competition and enhancing the nitrogen transfer from legumes to bras-
sicas (Cortés-Mora et al. 2010). Triple intercrops, comprising various annual
legumes, cereals and brassicas such as pea, wheat and rapeseed, are rather efficient
in weed suppression, simultaneously producing higher yields of both dry matter and
grain, confirmed by LER values higher than 1.2 (Szumigalski and Van Acker 2005).
When intercropped with leafy vegetables such as lettuce (Lactuca sativa L.), certain
tropical annual legumes with large leaves such as lablab bean provide increased
yields and desirable LER values (Roy et al. 2003).
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Grasses are often self-sufficient for quality silage production (Conaghan et al.
2010), either from one-species swards or mixtures of different species of the same
or different genera (Lovatt et al. 2010). However, intercrops of grasses such as
ryegrass (Lolium spp.), timothy (Phleum pratense L.) and fescue (Festuca spp.)
with clovers have a long tradition in many temperate regions, especially in western,
central and northern regions of Europe (Mela 2003). The leys of red clover and
grasses offer numerous environment-friendly services. They leave a considerable
amount of biomass and nitrogen after harvesting and thus provide substantial fertil-
ity basis for the next crop (Huss-Danell et al. 2007). Also, the swards of perennial
legumes and grasses, particularly white clover and cocksfoot (Dactylis glomerata
L.), may increase and stabilise the yield of a grassland crop and reduce invasion by
unsown species by increasing its species diversity (Frankow-Lindberg et al. 2009).
Generally, environmental balance of forage legumes in intercrops is positive by
improving soil structure, preventing soil erosion, minimising nitrate leaching, reduc-
ing energy consumption, decreasing global warming potential of livestock systems
and suppressing the invasion of pests, diseases and weeds (Peyraud et al. 2009).
Advances in biotechnology and breeding of perennial forage legumes and grasses
contribute to mitigating climate changes and enhancing carbon sequestration
(Guiney et al. 2004; Abberton et al. 2008). In the end, numerous multiple intercrops
of perennial legumes and grasses are present in many wild floras throughout the
world, with little attention directed to their maintenance and assessment of their
potential as crops (Muir et al. 2011).

In all the forms of intercropping legumes with non-leguminous crops, their role
is notably beneficial to an intercrop as whole, resulting in better agronomic perfor-
mance, a non-leguminous component, providing it with better availability of natural
resources, especially nutrients, and the environment itself.

3 Mutual Intercropping of Legumes

Intercropping one legume species with another is less examined than all previously
described cases, especially the intercrops of annual legumes with cereals or peren-
nial legumes with grasses. There available literature resources recognise four basic
forms of the mutual legume intercropping: (1) two or more annual forage legumes;
(2) annual legume companion cropping in establishing perennial forage crops;
(3) annual forage legumes drilled into an existing stand for boosting short-term
yields; (4) sowing perennial legumes in between the rows of an arable crop (Koivisto
2002). The second case is of special importance, since a companion annual forage
legume crop can provide an economic yield during the establishment of the peren-
nial forage crop and thus produce an economic return already in the seeding year.
Short-season annual legumes such as field pea and vetches are suitable for inter-
cropping with perennial forage legumes because the canopy structure is not dense
enough to cause suppressive shading (Cupina et al. 2009a). The semi-leafless field
pea cultivars, with a mutation inducing the transformation of all leaflets into tendrils
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Fig. 2 Different ways of the perennial legumes establishment (Cupina et al. 2011d): (top row) pure
stand of red clover is easily matched by weeds; (middle row) oat is too aggressive to both red clover
and weeds; (bottom row) field pea decreases weeds and enhances the growth of young red clover

and genetic structure of afaf TLTL, are particularly useful for this purpose since the
light penetration is significantly facilitated, providing better conditions for the ini-
tial growth of the undersown crop (Cupina et al. 2006). The establishment of a pure
stand of red clover is endangered by weeds (Fig. 2, top row) and thus makes the
herbicide application inevitable. A traditional way of establishing red clover accom-
panied with oat does prevent weeds, but also reduces the growth and the develop-
ment of newly established red clover (Fig. 2, middle row). Establishing red clover
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together with a semi-leafless pea companion crop provides it with optimum conditions
for normal growth and development, as well as with an advantage in relation to
weeds (Fig. 2, bottom row). In such way, the intercropping of perennial crop with
an annual legume companion crop represents a fine example of environment-friendly
forage production, where the latter acts as a bioherbicide and excludes the expenses
of chemical control. Also, when cut together, the total forage crude protein yield is
much higher in comparison to monocrops of both components (Cupina et al. 2010a).

The published resources on the intercrops of two or more annual legume species
are even less abundant. Some intercrops are beneficial, at least for one of the com-
ponents, such as in the one where lupin may use phosphorus that accompanying
soybean (Glycine max (L.) Merr.) cannot (Braum and Helmke 1995) or where the
intercropping of soybean and pigeon pea (Cajanus cajan (L.) Millsp.) is combined
with subsoiling and may amortise the effects of droughts of unpredictable intensity
(Ghosh et al. 2006a). Annual legumes with known pharmaceutical properties and
prominent biochemical potential, such as fenugreek (Trigonella phoenum-graecum
L.), effectively reduce the infection of broomrape (Orobanche crenata Forssk.) in
faba bean (Evidente et al. 2007; Ferndndez-Aparicio et al. 2011). However, in the
mutual intercrops of annual legumes, two components may compete for available
nutrient resources resulting in the depression of growth of one of them, such as in
the case of pigeon pea and soybean, where nitrogen appears as a limiting factor for
growth of the former (Ghosh et al. 2006b). Also, the occurrence of the superiority
of intercropping over pure stands may be rather limited, such as in the intercrop of
two soybean cultivars where only the highest plant density produces the expected
result (Biabani et al. 2008).

During the past decade, the Institute of Field and Vegetable Crops and the Faculty
of Agriculture of the University of Novi Sad have carried out a concerted research
aimed at assessing the possibility of mutual annual legume intercropping for forage
production. Hundreds of the accessions of numerous annual legume species of
diverse origin and status in the collection maintained in Novi Sad were screened for
the potential for intercropping with each other. Among the main conclusions of this
preliminary testing are the following facts: species with long and lodging stems,
such as vetches, easily control weeds in pure stands but suffer from forage losses
(Fig. 3, first row from above); crops with good standing ability, such as faba bean,
almost regularly are heavily infested by weeds in pure stands and require chemical
control (Fig. 3, second row from above); intercropping annual legumes with inade-
quate growth habit gives significant advantage to one component, such as common
vetch, and severely affects another, such as semi-leafless pea (Fig. 3, third row from
above); a fully compatible intercropping, such as the one of white lupin and com-
mon vetch, provides the best possible effects (Fig. 3, fourth row from above). The
results of this long-term examination of numerous aspects of the mutual annual
legume intercrops for forage production led to the establishment of four basic prin-
ciples essential for a successful intercropping of two annual forage legume species
(Cupina et al. 2011d):

1. The same time of sowing;
2. The similar growing habit;
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common weed common common weed common
vetch vetch vetch vetch
faba weed faba > faba weed faba
bean bean bean bean

field common field > field common field
pea vetch pea pea vetch pea

white common white white common white
lupin vetch lupin lupin vetch lupin

Fig. 3 Different aspects of the mutual intercropping of annual legumes (Cupina et al. 2011d):
(first row from above) in the pure stand of a lodging-susceptible crop such as common vetch, weeds
are suppressed but lower leaves in vetch are mostly lost; (second row from above) in the pure stand
of a lodging-resistant crop such as faba bean, weeds have favourable conditions; (third row from
above) semi-leafless field pea and common vetch are less-beneficial choice since different growing
habit; (fourth row from above) white lupin and common vetch are appropriate choice respecting all
basic principles

3. The similar time of maturing for cutting;
4. One component has good standing ability (supporting crop) and another is
susceptible to lodging (supported crop).

Following these main principles, further trials have been carried out within three
main groups of annual forage legume crops:
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1. Autumn- and spring-sown ‘tall’ cool season annual forage legumes;
2. Autumn- and spring-sown ‘short’ cool season annual forage legumes;
3. Early and late maturing warm-season annual forage legumes.

The proportion of both components in an intercrop was 50%:50%, with the regu-
lar sowing rate of each component reduced by half in order to avoid expensive and
economically unjustified sowing. So far, all the trials were aimed at the basic above-
ground aspects of intercropping such as green forage and forage dry matter yields,
calculating LER values for each intercrop, namely LER for green forage yield and
LER for forage dry matter yield.

The model, the basic agronomic performance related to forage production and
the possible ideotypes for each of three intercrop groups are presented in details
within the next three sections.

4 Intercropping ‘Tall’ Cool Season Annual Legumes

According to their provisional name, the annual forage legume crops in this group
characterise with long stems. Within the autumn-sown sub-group (Fig. 4, left), faba
bean played the role of supporting crop, while the supported crops were forage pea,

Fig. 4 Examples of intercropping ‘tall’ cool season legumes: autumn sowing (left) — faba bean
with Hungarian vetch; spring sowing (right) — white lupin with forage pea
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Fig. 5 Model of intercropping ‘tall’ cool season legumes: (top row) faba bean has a good standing
ability, but is heavily infested by weeds; (middle row) grass pea easily matches weeds but suffers
from forage losses; (bottom row) intercropping faba bean with grass pea is beneficial to both and
suppress weeds

common vetch, Hungarian vetch (Vicia pannonica Crantz) and hairy vetch (Vicia
villosa Roth). In the spring-sown sub-group (Fig. 4, right), faba bean and white
lupin served as supporting crops, while forage pea, common vetch and grass pea
were supported crops.

The trials with ‘tall’ cool season annual forage legumes are based upon its specific
model (Fig. 5). Annual legumes with good standing ability, such as faba bean or white
lupin, are usually sown in wide rows and thus provide favourable conditions for weed
development (Fig. 5, top row). On the contrary, annual legumes such as forage pea,
many vetches or grass pea, suppress weeds but are extremely prone to lodging, even
in the optimum stages for cutting, with heavy losses or lower leaves and reduced and
less quality forage yields (Fig. 5, middle row). Intercropping these two types of ‘tall’
cool season legumes may be beneficial for both, especially by weed reduction and
preservation of photosynthetically active leaves (Fig. 5, bottom row).
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Table 1 Average values of forage dry matter yield (t ha™') and land equivalent ratio for forage dry
matter yield (LER_, ) in the intercrops of winter cool season annual legumes in the trial at Rimski
Sanéevi in 2008/2009 (Cupina et al. 2011d)

Forage dry matter yield Forage dry matter yield

Mixture (supporting crop) (supported crop) LER_ v
Faba bean + forage pea 1.95 8.55 1.05
Faba bean + dual-purpose pea 39 3.6 1.23
Faba bean+common vetch 3.0 33 1.42
Faba bean +Hungarian vetch 2.7 33 1.06
Faba bean + hairy vetch 2.55 225 0.95
Least significant difference at 0.05 1.2 0.334

First results of the mutual intercrops of ‘tall’ cool season annual legumes for for-
age production generally confirm their reliability. Intercropping autumn-sown faba
bean with autumn-sown common vetch proved especially efficient with both bal-
anced contribution to the total forage dry matter yield and a high value of LER for
forage dry matter yield of 1.42 (Cupina et al. 2011d, Table 1). The trial with spring-
sown ‘tall’ cool season annual legumes also included other cropping density ratios
than 50%:50%, namely 75%:25% and 25% and 75%. Intercrops of 50% of faba
bean with 50% of grass pea and 75% of white lupin and 25% of grass pea had the
best performance, with values of LER for green forage yield of 1.44 and 1.21
(Cupina et al. 2009b, Table 2). Also, the intercrops of white lupin with common
vetch resulted in high values of LER for green forage yield in all three ratios, with
1.28 in average (Cupina et al. 2011b).

Despite their preliminary character, the obtained results offer a solid basis for
defining the ideotypes for ‘tall’ cool season annual legumes and developing their cul-
tivars specifically for intercropping. Supporting crops, such as faba bean and white
lupin, may be characterised by more prominent basal branching, especially in white
lupin, as well as with slightly decreased proportion of lignin in stems enhancing the
balance between standing ability and stem dry matter quality and digestibility. In addi-
tion, it may be desirable to shorten the time of flowering between the first and the
second order in white lupin and thus adjust that the first- and the second-order leaves
and inflorescences are in similar stages of development, mitigating too rapid maturing
in the former. Supported crop genotypes, especially of hairy vetch, should be selected
for determinate stem growth and smaller number of stems per plant in order to avoid
a potential negative impact on the development of supporting crop.

5 Intercropping ‘Short’ Cool Season Annual Legumes

The annual forage legume crops within the ‘short’ group have, in contrast to the
previous one, short stems, often with determinate growth. The autumn-sown sub-
group (Fig. 6, left) comprised semi-leafless pea as supporting crop and normal-leafed
pea, with a genetic structure of AFAF TLTL, and bitter vetch as supported crops.
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Fig. 6 Examples of intercropping ‘short’ cool season legumes: autumn sowing (leff) — semi-
leafless pea with bitter vetch; spring sowing (right) — semi-leafless pea with lentil

The spring-sown sub-group (Fig. 6, right) also had semi-leafless pea playing the role
of supporting crop, while normal-leafed pea and lentil were included as supported
Crops.

The model of intercropping ‘short’ cool-season annual forage legumes respects
the same basic principles (Fig. 7). Semi-leafless pea has significantly improved
standing ability and profits from sunlight penetrating the whole stand, but also offers
more favourable conditions for weed development (Fig. 7, top row). On the other
hand, normal-leafed pea controls weeds in an easier manner, but is prone to lodging
at early stages and is danger of losing lower leaves and disease infestation (Fig. 7,
middle row). If intercropped with each other, semi-leafless and normal-leafed peas
may profit from each other: semi-leafless pea provides improved standing ability of
the intercrop, while normal-leafed pea fills the available space within the stand and
contributes to better utilisation of sunlight, at the same time reducing weed growth
(Fig. 7, bottom row).

A 2-year trial with autumn-sown and spring-sown intercrops of semi-leafless and
normal-leafed peas resulted in an economic justification of all four possible combi-
nations, with both LER for green forage yield and LER for forage dry matter yield
values higher than 1 (Cupina et al. 2010b, Table 3). Unpublished preliminary data
on the performance of the intercrops of autumn-sown semi-leafless pea with bitter
vetch and spring-sown semi-leafless pea with lentil show that the former had
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Fig.7 Model of intercropping ‘short’ cool season legumes: (top row) semi-leafless pea has a good
standing ability, but provides good conditions for weeds; (middle row) normal-leafed pea sup-
presses weeds but easily lodges; (bottom row) intercropping semi-leafless pea with normal-leafed
pea is beneficial to both and controls weeds

somewhat lower economic return in comparison with sole crops, with a value of
LER for forage dry matter yield of 0.91, while the latter surpassed the pure stands
of both crops, with LER for forage dry matter yield of 1.09.

In general, ideotypes of bitter vetch and lentil cultivars specifically for intercrop-
ping are almost identical to each other, due to a rather similar morphology. In both,
especially in bitter vetch, somewhat smaller number of stems could be advanta-
geous by reducing the physical pressure on the supporting crop of semi-leafless pea.
From the point of view of a breeder, the least complicated way of developing
intercropping-specific cultivars is present in pea. The parental genotypes that will
be used for hybridisation must have desirable characteristics for forage production.
As a rule, one parent should be semi-leafless and another with normal-leaves.
Due to semi-epistatic nature of this trait, all the plants in F, generation will have
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normal-leaves, while the segregation to both leaf types will start in F, generation.
Since the semi-leafless plants are fully recessive may produce only the semi-leafless
progenies, they may be excluded from the selection process. On the contrary, nor-
mal-leafed pea plants will keep on producing both leaf types. In the latter genera-
tions with a rather high proportion of homozigocy, such as F; or F, one semi-leafless
pea line and one normal-leafed pea line may be finally selected and developed into
a pair exclusively for the forage intercropping, being almost completely identical
save for the leaf type. It is desirable that the semi-leafless pea cultivars have numer-
ous nodes and large stipules in order to increase the leaf proportion in the total yield
and thus improve forage quality. Most recently, fenugreek has been added as another
spring-sown supporting crop.

6 Intercropping Warm Season Annual Legumes

Due to a well-known absence of winter hardiness, the warm season annual forage
legumes were spring-sown only. In the early-maturing group (Fig. 8, left) soybean
belonging to 00 maturity group was supporting crop, while several Vigna species,

Fig. 8 Examples of intercropping warm season legumes: early-maturing (/eft) — soybean 00 with
mung bean; late-maturing (right) — pigeon pea with lablab
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Table 4 Green forage yield (t ha™), land equivalent ratio for green forage yield (LER ), forage
dry matter yield (t ha™') and land equivalent ratio for forage dry matter yield (LER ;) in the pure
stands and the intercrops of warm season annual forage legumes in average for Rimski Sancevi and

Zemun Polje in 2009 (Mikic¢ et al. 2010)

Green forage yields (t ha™)

Supported crop Supporting crop Pure stand Intercropping
(Sd) (Sg) Sd  Sg Sd  Sg  Sd+Sg LER,
Mung bean Soybean 00 328 428 152 227 379 1.01
Lablab bean Soybean I 30.8 420 17.8 205 383 1.05
Pigeon pea 14.5 20.3 6.5 268 1.12
Least significant difference at 0.05 5.7 0.05
Least significant difference at 0.01 8.2 0.08
Forage dry matter yields (t ha™')
Supported crop Supporting crop Pure stand Intercropping
(Sd) (Sg) Sd  Sg Sd Sg Sd+Sg LER_
Mung bean Soybean 00 7.9 10.7 3.6 5.7 9.3 0.99
Lablab bean Soybean I 8.6 12.2 50 59 109 1.05
Pigeon pea 4.4 5.7 2.0 7.7 1.10
Least significant difference at 0.05 1.4 0.05
Least significant difference at 0.01 1.9 0.07

namely mung bean, adzuki bean (Vigna angularis (Willd.) Ohwi & H. Ohashi) and
black gram (Vigna mungo (L.) Hepper), were used as supported crops. Within the
late-maturing group (Fig. 8, right), soybean belonging to I maturity group and
pigeon pea served as supporting crops, while cowpea and lablab bean played the
role of supported crops.

The model of intercropping warm season annual forage legumes is essentially
similar to the previous two (Fig. 9). Regardless of its maturity group, a soybean
crop provides weeds with favourable conditions for rapid development and thus
regularly requires intensive mechanical or chemical weed control (Fig. 9, top
row). Quite opposite, Vigna species, most notably cowpea, as well as lablab, are
exceptionally prone to lodging and by forming a mighty and creeping cover of
stems and leaves are able to almost eliminate any weed species (Fig. 9, middle
row), but may also lose lower leaves and cause serious difficulties during the cut-
ting. When intercropped, soybean may bear cowpea or lablab stems and thus
assist in preserving its leaves, as well as profit from significantly decreased weed
infestation (Fig. 9, bottom row).

In the preliminary trials with intercrops of warm season annual forage
legumes, carried out in two locations, nearly all proved as economically reliable
and superior in comparison to pure stands (Miki¢ et al. 2010, Table 4). The
intercrop of pigeon pea and lablab bean had a particularly good performance,
with LER for green forage yield of 1.12 and LER for forage dry matter yield of
1.10. Additional unpublished data from the second year of the same trial reveal
that the performance of the intercrops of soybean belonging to the 00 maturity
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soybean weed cowpea weed soybean weed cowpea weed soybean

Fig.9 Model of intercropping warm season legumes: (fop row) soybean is lodging resistant but is
in early danger from weeds; (middle row) cowpea almost completely eliminates weeds but
extremely lodges; (bottom row) intercropping soybean with cowpea is beneficial to both with
efficient weed control

group with adzuki bean and black gram was better than with mung bean, with
LER for green forage yield of 1.08 and 1.10 and LER for forage dry matter yield
of 1.07 and 1.11.

Among the solutions for the ideotype of the intercropping-specific soybean
cultivars could be the introduction of larger leaflets or multifoliolate leaves with five
or seven leaflets instead of usual three, leading to improved use of a crop space and
resources. The soybean cultivars of later maturity groups are prone to prominent
lignifications in the lower half of the stem and thus cause potential mechanical prob-
lems during the cutting, suggesting that this should be less present in the lines devel-
oped for forage intercropping. The supported crops, especially cowpea and lablab
bean, should be selected for smaller number of stems per plant and determinate
stem growth. In both pigeon pea and lablab bean, the genotypes with more neutral
photoperiod should be targeted, ensuring seed maturing and reliability of the devel-
oped cultivars.
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7 Conclusion

Although the presented results on the performance of various forms of mutual
annual legume intercropping for forage production have a rather preliminary char-
acter, it may be said that the majority of the examined combinations were assessed
as economically reliable and justified by appropriate LER values. It should be
repeated that such intercrops do not increase the costs of sowing, since the planned
reduction of sowing rates. At the same time, when both components in an intercrop
are legumes, the crude protein content in forage dry matter remains high and does
not decrease as in the case of intercropping with cereals. All three presented models
of mutual annual forage legume intercrops are characterised by short growing sea-
sons and thus are able to fit easily into various cropping systems. In the end, produc-
ing forage in such intercrops does not require the application of either synthetic
fertiliser, since both components are legumes, or herbicides, due to an enhanced
weed control, and thus confirms its value as a true environment-friendly service.

On the other hand, there are many aspects that must be thoroughly studied and
integrated with the existing results into a comprehensive and solid study of such
cropping system. What needs to assessed are optimum ratios for individual inter-
crops, impact of intercropping on forage yield components, possible correlations
between total forage yields and their LER values, chemical composition of the for-
age dry matter in the intercrop components, and various underground aspects with
a particular reference to microbiology and allelopathy. It is also necessary to pro-
vide a reliable seed production of the intercropping-specific annual forage legume
cultivars in order to secure their successful use in wide production, as well as to
confirm the potential of mutual annual legume intercrops for grain production in
both human diets and animal feeding (Cupina et al. 2011c).
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Endophytic Nitrogen-Fixing Bacteria
as Biofertilizer

Garima Gupta, Jitendra Panwar, Mohd Sayeed Akhtar, and Prabhat N. Jha

Abstract Nitrogen is the most limiting nutritional factor for the growth of plants.
Since plants cannot reduce atmospheric N,, they require exogenously fixed nitrogen
for growth and development. Atmospheric N, must be first reduced to ammonia to
be used by plants. In practice, chemical N fertilizers are used to provide nitrogen
nutrition to plants. However, manufacture and use of N fertilizers are associated
with environmental hazards that include release of greenhouse gases at the time of
manufacture, as well as contamination of underground and surface water due to
leaching out of nitrates. Moreover, manufacture of chemical fertilizers requires
non-renewable resources like coal and petroleum products. Excess and continuous
use of chemical fertilizers to improve the yield of commercial crops has negative
effect on soil fertility and reduces their agricultural sustainability. All these con-
cerns necessitate the search for an alternative strategy that can provide nitrogen
nutrition to the plants in an efficient and sustainable manner. Here biological nitro-
gen fixation has immense potential and can be used as an alternate to chemical fertil-
izers. Biological nitrogen fixation has been reported to be exclusively carried out by
few members of the prokaryotic organisms. Biological nitrogen fixation is a process
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where atmospheric N, is reduced to NH,. This process is catalyzed by microbial
enzyme nitrogenase. Microorganisms having the capacity to fix atmospheric N, can
be used as efficient biofertilizer.

In this chapter, we review application, properties, ecology, and advances in biol-
ogy of nitrogen fixing bacteria with reference to endophytic bacteria that colo-
nize the interior of plant without exerting any substantive harm to their host
plant. Nitrogen-fixing endophytic bacteria have edge over its rhizospheric coun-
terparts because, being sheltered inside plant tissues, they face less competition
and can make available the fixed nitrogen directly to plants. Moreover, the partial
pressure of oxygen inside the plant tissue is more acquiescent for efficient nitro-
gen fixation. Nitrogen fixing endophytic bacteria have been isolated from several
plant species and found to contribute upto 47% of nitrogen derived from air,
which in turn enhance plant growth. Nitrogen fixing ability of bacteria can be
evaluated by total nitrogen difference method, acetylene reduction assay, analy-
sis of nitrogen solutes in xylem and other plant parts and N-Labeling Methods.
Furthermore, molecular approaches such as amplification, analysis of nitrogen-
fixing genes (nif genes), and qualitative and quantitative estimation of their products
can be used for evaluation of nitrogen fixing ability of the bacteria.

In addition to nitrogen-fixation ability, these bacteria can influence plant
growth through one or more properties. These include production of phytohor-
mones, siderophores, induced systemic tolerance through production of 1-amin-
ocyclopropane-1-carboxylase deaminase, induced systemic resistance and
antagonistic activities. The make-up of endophytic bacterial communities
depends on various factors such as soil type, soil composition, soil environment,
plant genotype and physiological status, bacterial colonization traits, and agri-
cultural management regimes. Colonization and abundance of different bacterial
species varies widely with host plants. Endophytic bacterial community can be
analyzed employing stable isotope probing as well as various modern molecular
approaches which are based on analysis of 16S ribosomal deoxyribonucleic acid
(DNA), gene encoding products for nitrogen fixation and repetitive DNAs.
Moreover, metagenomic approaches allow estimation and analysis of uncultura-
ble bacteria at genomic as well as functional genomic level. Colonization process
of an endophytic bacterium involves various steps which include migration
towards root surface, attachment and microcolony formation on plant surface,
distribution along root and growth and survival of the population inside plant
tissue. Ongoing progress towards in-depth analysis of genomic and whole pro-
tein profile of some of the potential endophytic bacteria such as Azoarcus sp.,
Gluconoacetobacter diazotrophicus, Herbaspirillum seropedicae, Serratia marc-
esens can help understand mechanism involved in plant-endophyte interaction
which in turn will be deterministic in use of suitable formulations of endophytic
bacteria to be used as biofertilizer for sustainable agriculture.

Keywords 1-aminocyclopropane-1-carboxylase deaminase ® Biofertilizer » Diazotrophic
* Endophytic ¢ Nitrogen  Reverse transcription-polymerase chain reaction
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Abbreviations

Co, Carbon dioxide

DNA Deoxyribonucleic acid

gfp gfp is a gene which encodes for green fluorescent protein
gus gus is a gene which encodes for 3-glucuronidase

HCN Hydrogen cyanide
mRNA  messenger RNA which is used as template for protein synthesis.

N Nitrogen
N, Atmospheric Nitrogen
NO Nitric oxide

nifHDK These are set of genes which encodes structural part of nitrogenase, an
enzyme which catalyzes nitrogen fixation.

PCR Polymerase chain reaction

PGPB Plant growth promoting bacteria

rDNA  ribosomal DNA encodes for rRNA, a structural component of ribosome

1 Introduction

Nitrogen is an important limiting factor for plant growth in various environmental
conditions. Despite abundance of atmospheric nitrogen (78%), it cannot be utilized
for growth and metabolism. It must be reduced to ammonia for use by any organ-
isms by a process called nitrogen fixation. Application of industrially manufactured
nitrogen fertilizer has been one of the most popular ways to provide nitrogen nutri-
tion to the plants to attain high crop productivity. However, excessive and continu-
ous use of chemically synthesized fertilizer can lead to several consequences which
include: (i) ground water contamination of nitrate due to leaching and denitrification
which is detrimental for human and animal health, (ii) surface water contamination
by eutrophication which may arise due to leaching of nitrogen in water and affects
growth of aquatic organisms and (iii) production of greenhouse gases CO, and NO,
during manufacture of nitrogen fertilizer using non-renewable resources like natural
gas and coal, thus contributing to global warming (Bhattacharjee et al. 2008).
Moreover, increase in prices of petroleum products has led to an upsurge in the cost
of chemical fertilizer. Therefore, use of alternative fertilizers, which are cost effective
and environmental friendly, must be sought.

Biological nitrogen fixation is considered to be the most potential way to
provide fixed form of nitrogen to the plants. However, nitrogen fixation is performed
solely by prokaryotes (bacteria and cyanobacteria) and archeans. The diazotrophic
(N,-fixing) bacteria are involved in the fixation process, in which these bacteria
either in the free living form or in symbiosis can covert the atmospheric nitrogen
into NH, with the help of nitrogenase enzyme. Nodulated legumes with endosymbiosis
with rhizobia are among the most prominent nitrogen fixing system in agriculture.
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Although most of the biologically fixed nitrogen made available to the plants is
contributed by Rhizobium sp. and cyanobacteria, their use is restricted only to certain
plant species. Applications of plant growth promoting endophytic bacteria are being
considered as a potential biofertilizer in recent years (Bhattacharjee et al. 2008;
Akhtar and Siddiqui 2010). This has driven intensive research towards in-depth
characterization and better understanding of endophytic diazotrophic bacteria
isolated from various plant species.

Any bacterium could be considered as an endophytic diazotroph if (i) it can be
isolated from the surface of disinfected plant tissue or extracted inside the plants
(i1) it proves to be located inside the plant, either intra- or inter-cellularly by in-situ
identification and (iii) it fix nitrogen, as demonstrated by acetylene reduction and/or
5N-enrichment. This definition includes internal colonists with apparently neutral
or saprophytic behavior as well as symbionts (Hartmann et al. 2000). Endophytic
bacteria are better than their rhizospheric and rhizoplanic counterparts in terms of
benefiting their host through nitrogen fixation as they can provide fixed nitrogen
directly to their host (Cocking 2003). As low partial oxygen pressure is necessary
for the expression of the O, sensitive enzyme, nitrogenase, endosphere of plant root
is more amenable for N, -fixation reaction. Moreover, endophytic bacteria are less
vulnerable to competition with other soil microbes for scarce resources and remain
protected to various abiotic and biotic stresses (Reinhold-Hurek and Hurek 1998).
In addition to diazotrophy, endophytic bacteria may enhance plant growth through
one or more mechanisms which include phytohormone production, siderophore
production, induced systemic tolerance and biocontrol potential. The applications
of diazotrophic endophytes in various fields have been depicted in the Fig. 1. The
intimate relationship of endophytic bacteria with plant can be utilized in developing
efficient biofertilizer and biocontrol agents for attaining sustainable agriculture
(Sevilla and Kennedy 2000). The present chapter unveils the importance of diazotrophic
endophytic bacteria to exploit its properties for the development of sustainable
agriculture.

2 Nitrogen Fixation by Endophytic Bacteria

In recent years, application of endophytic bacterial inoculants supplying N require-
ment have drawn attention for increasing plant yield in sustainable manner efficiently
to the various crop plants. Percent contribution of plant nitrogen as a result of bio-
logical N -fixation by endophytic bacteria has been summarized in Table 1. Some of
the promising endophytic biofertilizers include the members of Azoarcus,
Achromobacter, Burkholderia, Gluconoacetobacter, Herbaspirillum, Klebsiella
and Serratia (Rothballer et al. 2008; Franche et al. 2009). The efficient N supply by
endophytic diazotrophic bacteria in sugarcane and kallar grass suggests the possible
avenues of biological nitrogen fixation in interior niches of plants. In addition, bacteria
isolated from non-leguminous plants like rice, wheat, maize, sorghum also fix the
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Enhanced plant ) g
growth and biomass Industrial applications

*Phytostimulation +Antioxidants, bio fertilizers

*N,-fixation and biocontrol agents
*Phytohormone production *Antibiotics, antiviral

*Siderophore production sImmuno-suppressive
*Induced systemic tolerance and anticancer compounds

Plant disease control Pollution control

*Pathogen removal
*Antibiosis

*Competition

*Production of lytic enzyme
*Induced systemic resistance

*Phytoremediation
*Phenols, chlorophenols
*Insecticide and weedicide

Fig. 1 Multiple applications of diazotrophic (N, fixing) endophytic bacteria in various fields
including agricultural practices, industries and environment (Modified from Hardoim et al. 2008)

N in endophytic manner. It is evident from the reports that the Gluconoacetobacter
diazotrophicus (Acetobacter diazotrophicus) is the main contributor of endophytic
biological nitrogen fixation in sugarcane, and it has the ability to fix the N approxi-
mately 150 Kg Nha! year™' (Dobereiner et al. 1993; Muthukumarasamy et al. 2005).
Azoarcus is recognized as another potential N -fixing obligate endophytic diazotroph.
It dwell in the roots of kallar grass, and increased the hay yield upto 20-40 tha™' year!
without the addition of any N fertilizer in saline sodic, alkaline soils (Hurek and
Reinhold-Hurek 2003). In addition, many energy plants (C, plants) like Miscanthus
sacchariflorus, Spartina pectinata and Penisettum purpureum have been found to
harbour bacterial population, which have the potential to support the N nutrition of
the plant (Kirchhof et al. 1997). In a study, Herbaspirillum sp., inoculated into rice
seedlings maintained in N-free Hoagland solution containing *N-labelled N,
showed "N dilution amounting upto 40% increase in total N of plant (Baldani et al.
2000). Growth stimulation of wheat, corn, radish, mustard and certain varieties of
rice shoots following seed inoculation with a strain of Rhizobium leguminosarum
bv trifolii in pot experiment has also been reported (Hoflich et al. 1995; Webster
et al. 1997). These investigations suggest that endophytic diazotrophs have a con-
siderable potential to increase the productivity of non-legumes including important
cash crop plants.
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2.1 Quantification of Nitrogen Fixation

Quantification of fixed nitrogen made available to the plants by diazotrophic bacteria
can be estimated by the following methods.

2.1.1 Total N Difference Method

This method measures biological nitrogen fixation on the basis of difference between
the total N content of crop grown in presence of diazotrophic bacteria and their
counterpart grown without bacterial inoculation. It is the oldest and simplest method
which is based on an assumption that the control plant and the infected plants absorb
same amount of N from soil.

2.1.2 Acetylene Reduction Assay

This technique is based on the fact that the nitrogenase enzyme involved in
N_-fixation can also reduce acetylene into ethylene as both nitrogen and acetylene
are triple bonded structures. The assay is done by incubating bacterial culture with
acetylene (0.03-0.1 v/v) in an air-tight vessel. Finally, the gas phase of sample is
analyzed for ethylene generated as a result of reduction of acetylene by nitrogenase
using a gas chromatograph. The calculated ethylene amount can either be directly
used to quantify the amount of nitrogen fixed or can be converted into amount of
nitrogen fixed by directly multiplying it with a factor 3. It is because in conversion
of N, to NH,, three pairs of electron are used while in acetylene to ethylene con-
version only single pair of electrons is used. Therefore, this technique measures
N, -fixation indirectly on the basis of electron flux through nitrogenase. The acetylene
reduction assay is simple, cheap and sensitive technique.

2.1.3 Analysis of N Solutes in Xylem and Other Plant Parts

In this method, the composition of nitrogenous compounds present in plant the
xylem sap is analyzed. The basic idea is to differentiate between the nitrogen
fixed and the soil derived nitrate N in the plant. As the uptake from soil increase, it
inhibit the N, -fixation, which results in the change of composition of nitrogenous
compounds in xylem sap and by monitoring such changes, the N, -fixation can be
quantitatively analyzed.

2.1.4 N-Labeling Methods

There are three different methods for labeling viz. N gas labeling, isotope dilution
and A-value method. The principle behind this method is based on the difference of
SN/™N present in soil or plant system with that of atmosphere (0.33%). So, if the
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plants are incubated with N and then, the nitrogen fixation is evaluated in plants,
the ratio would differ in plants than that of present in atmosphere. And the change
occurring in the ratio can be monitored and analyzed for quantifying the nitrogen
fixing ability of microbes.

2.2 Molecular Analysis of Nitrogen Fixation

Bacterial communities show an immense phenotypic and genetic diversity (Ovreas
and Torsvik 1998). Since, the majority of microorganisms cannot be cultured on
media, estimation and analysis of natural diazotrophic bacterial communities is
quite challenging (Borneman et al. 1996). However, this problem can be overcome
by employing cultivation independent techniques using universal primers for
amplification of gene encoding the key enzyme nitrogenase (Kirk et al. 2004).

There are three types of nitrogenases based on the presence of core metal (molyb-
denum (Mo), vanadium (V) and iron (Fe)) which bridge two units of this enzyme
(Zehr et al. 2003; Raymond et al. 2004). Out of these three types, Mo-nitrogenase
is most prevalent. There are three genes namely nifHDK which encodes for the
structural part of nitrogenase complex. Apart from nifHDK, nitrogenase expression
and function depends on several other genes (20 in case of K. pneumoniae). The
genes nifHDK encodes for o and 3 fragments respectively of larger segment of
nitrogenase complex called dinitrogenase (a.,f3,), while nifH encodes smaller
segment Fe protein (dinitrogenase reductase). Nitrogenase activity can be estimated
by following procedures.

2.2.1 Polymerase Chain Reaction (PCR)

Amplification of nifH, nifD, and nifK by PCR or reverse transcriptase-PCR has been
frequently employed in detection of N_-fixing ability of bacterial and cyanobacterial
isolates taken either from laboratory grown culture or directly from environmental
samples (Ueda et al. 1995a, b; Chowdhury et al. 2007; Bothe et al. 2010). Sequence
of nifH encoding Fe protein of different species has been reported to be one of the
most conserved sequences, except for short species-specific sequence discrepan-
cies, which can be used for species determination (Izquierdo and Nusslein 2006).
Therefore, gene sequence of nifH is used for probing of nitrogenase among diaz-
otrophic bacteria as well as analysis of diazotrophic communities growing in diverse
environmental conditions (Diallo et al. 2008; Jha and Kumar 2009; Bothe et al.
2010). Based on the sequence of nifH, a variety of primers have been designed for
analysis of both culturable and non-culturable bacteria (Zehr et al. 1998; Widmer
et al. 1999; Deslippe and Egger 2006; Izquierdo and Nusslein 2006). However,
some of these primers can be biased in terms of amplification efficiency (Diallo
et al. 2008). In a very recent study, Islam et al. (2010) have demonstrated significant
contribution of diazotrophic bacteria in paddy plants growing in natural condition,
using acetylene reduction assay and nifH sequence analysis. Similarly, possible
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nitrogen contribution by Azospirillum sp., Rhizobium sp., and P. pseudoalcaligenes
was indicated on the basis of nifH amplification of culturable isolates obtained from
Lasiurus sindicus, a perennial grass growing in desert (Chowdhury et al. 2007).

In addition to the detection of nif gene, assessment of N _-fixation in diazotrophic
bacteria can also be studied by evaluating expression level of nifH gene (Terakado-
Tonooka et al. 2008). Evaluation of diazotrophy by estimating the level of nifH
expression is based on the fact that there is tight relationship between nitrogenase
activity and nifH expression (Egener et al. 2001). Moreover, the advancement in
metagenomic approaches using reverse transcription of nifH mRNA (messenger
ribonucleic acid) has allowed identification of active diazotrophic bacteria in plants.
It also facilitates the identification of bacteria which are not culturable but contrib-
utes significant nitrogen nutrition to the host plant. Based on the difference in nifH
mRNA and deoxyribonucleic acid (DNA) profile obtained from same root extract of
rice, Knauth et al. (2005) stated that presence of diazotrophs does not necessarily
coincide with active diazotrophs inside the plants growing in environmental condi-
tion and reported that active diazotrophs were not related to cultured strains.
Recently, metagenomic analysis of nifH transcript identified R. rosttiformans as
active diazotroph of sugarcane and spruce from different locations. It was surprising
as none of the known diazotrophs associated with sugarcane such as G.diazotrophi-
cus, H. seropedicae or H. rubrisubalbicans were found to be active in sugarcane
plant (Burbano et al. 2010).

2.2.2 Fluorescent In-Situ Hybridization

Detection of diazotrophic bacteria and estimation of nitrogenase activity based on
expression of nifH mRNA employing Fluorescent in-situ hybridization is an effec-
tive approach. However, use of Fluorescent in-situ hybridization has been not used
frequently due to the instability of bacterial mRNA. Use of transcript polynucle-
otide probes can improve the sensitivity of signal as well as reduce signal to noise
ratio. Hurek et al. (1997) detected in-planta mRNA expression by Azoarcus sp.
using transcript oligonucleotide probe. Further, to improve the sensitivity and reli-
ability of the technique, Pilhofer et al. (2009) detected mRNA of nifH using digox-
igenin-labeled transcript probe. The resultant hybrid was detected by horse-radish
peroxidase marked anti-digoxigenin antibody. Subsequently the signal was amplified
using catalyzed reporter deposition where tyramide molecules preconjugated with
flurochrome were deposited in close proximity of horse-radish peroxidase binding
site and intensifies the signal.

2.2.3 Immunoblot Analysis

Nitrogenase activity can also be assessed by detecting nitrogenase complex
expressed by bacteria. Detection is based on localizing ca. 27-35 kDa of protein
band of dinitrogenase either by radiolabeling or immunoblotting using antibody
against Fe protein (Eckert et al. 2001; Jha and Kumar 2007). In a separate study,
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endophytic bacteria were localized in intercortical region of plant tissue by
immunostaining of dinitrogenase reductase (Chelius and Triplett 2000).

2.2.4 Microarray or DNA-Chip

Hybridization levels can be detected by fluorescence. Microarrays with oligonucle-
otides of nifH gene can be used to determine diazotrophic communities. For example,
the microarray developed from Zhang et al. (2006) compares 194 oligonucleotide
probes, which covers more than 90% of all nifH sequences present in the nifH
database. It is a highly reproducible and semiquantitative method of mapping.

Conclusively, the nitrogen fixing ability of bacteria can be evaluated by total
nitrogen difference method, acetylene reduction assay, analysis of nitrogen solutes
in xylem and other plant parts and N-Labeling Methods. Furthermore, molecular
approaches such as amplification, analysis of nitrogen-fixing genes (nif genes), and
qualitative and quantitative estimation of their products can be used for evaluation
of nitrogen fixing ability of the bacteria.

3 Plant Growth Promoting Properties of Endophytic Bacteria

Apart from N -fixation, endophytic bacteria can benefit their host through various
growth promoting effects which includes production of phytohormones (auxin and
cytokinin), synthesis of siderophore, 1-aminocyclopropane-1-carboxylate-deami-
nase activity and antagonistic activity. Several endophytic bacteria have been
reported to have ability to solubilize mineral phosphate. However, this ability may
not be useful for plants as endophytes reside in the interior of plant issue where
insoluble mineral phosphates are not available. The characteristics of some beneficial
endophytic bacteria are discussed below.

3.1 Phytostimulatory Compounds

Plant growth promoting bacteria produce phytohormones namely auxins, cytoki-
nins, gibberellins, certain volatiles and the co-factor pyrroquinoline quinine.
Many plant associated bacteria have been shown to produce auxins chiefly
indole-3-acetic acid, which enhances lateral root growth formation and thus,
nutrient uptake and root exudation by plants (Spaepen et al. 2007; Ali et al. 2009;
Reinhold-Hurek and Hurek 2011). Most of the beneficial bacteria synthesize
indole-3-acetic acid through indole-3-pyruvate pathway. In this pathway, trypto-
phan to indole-3-pyruvic acid conversion occurs by an aminotransferase, which
in turn gets decarboxylated by indole-3-pyruvate decarboxylase to indole-3-acetalde-
hyde and the oxidation of indole-3-acetaldehyde converts it to indole-3-acetic acid
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(Spaepen et al. 2007). Indole-3-acetic acid synthesis occurs in stationary phase
of growth and positively regulated by aromatic amino acid through a regulatory
protein 7yrR (Ryu and Patten 2008).

Cytokinins are also involved in plant growth promotion as Bacillus megatarium
UMCV1, arhizospheric bacterium, can promote biomass production in Arabidopsis
thaliana through the inhibition of primary root growth followed by increased lateral
root formation and root hair length of host plant (Lopez-Bucio et al. 2007).
Methylobacterium sp. strain NPFM-SB3, isolated from Sesbania rostrata was also
found to produce cytokinin (Schwab et al. 2007). Azospirillum sp., G. diazotrophicus,
H. seropedicae have also been reported to enhance plant growth by producing gib-
berellin (Bottini et al. 2004). Even some isolates are capable of producing more
than one phytohormone. Feng et al. (20006) isolated Pantoea agglomerans, which
produce four major plant hormones viz. abscisic acid, gibberellic acid cytokinin and
indole-3-acetic acid.

Zhang et al. (2008) identified the role of bacterial volatile organic compounds by
analyzing microarray results and histochemical data of Arabidopsis seedlings
exposed with B. subtilis and stated that the volatile organic compounds may influence
the plant growth by regulating auxin homeostasis in plants which was evident from
induction of genes encoding enzymes of metabolism of indole-3-acetic acid.

3.2 Induced Systemic Tolerance

Some of the plant growth promoting bacteria (PGPB) help the associated plants to
counter biotic and abiotic stresses such as drought, salt, nutrient deficiency or
excess, extremes of temperature, presence of toxic metals etc. PGPB-induced physi-
cal and chemical changes in plants in response to biotic and abiotic stresses are
termed as ‘induced systemic tolerance’ (Yang et al. 2009). Induced systemic toler-
ance results from the production of bacterial 1-aminocyclopropane-1-carboxylate
deaminase activity, antioxidants, cytokinin or volatile organic compounds.

In response to the various biotic or abiotic stresses, plant produces ethylene to
regulate plant homeostasis. Beyond a threshold level, production of ethylene is
inhibitory as it reduces root and shoot development and hence described as “stress
ethylene”. Some of the endophytes have property to synthesize 1-aminocyclopro-
pane-1-carboxylate-deaminase, which can degrade the immediate precursor of eth-
ylene from root exudates and convert it to o-ketobutyrate and ammonia and thus,
can promote growth of plant in the vicinity (Glick et al. 2007). In addition to
1-aminocyclopropane-1-carboxylate deaminase mediated induced systemic toler-
ance, there are various other mechanism through which induced systemic tolerance
is generated in response to stresses. It includes volatile organic compounds medi-
ated salt tolerance (Zhang et al. 2008), affecting abscisic acid signaling of plants
during stress through production of cytokinin (Figueiredo et al. 2008) and through
production of antioxidant catalase (Kohler et al. 2008). The role of phytohormone
produced by associative bacteria during salinity or drought stress in the promotion
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of plant growth has been well described (Egamberdieva 2009). Indole-3-acetic acid
producing bacteria in drought condition can stimulate formation of well developed
roots enough for providing sufficient water from soil (Marulanda et al. 2009).

3.3 Biocontrol Agent

The application of microorganism for the control of diseases seems to be one of the
most promising ways, as it is eco-friendly and cost-effective. To become an efficient
biocontrol agent, it should be stable under varying condition of pH, temperature
and concentrations of different ions. Several endophytic bacteria are known to
benefit host plant by reducing the growth of pathogenic organisms at laboratory,
greenhouse or field level in various studies (Compant et al. 2005; Bhatia et al.
2008; Kannan and Sureendar 2009). An efficient biocontrol agent must also pos-
sess certain traits like (a) efficient colonizer of root to deliver antibiotic along the
whole root system, (b) to protect itself from predators (protozoans) in the rhizo-
sphere and (c) release antibiotic in right microniche (Lugtenberg and Kamilova
2009). Bacteria can limit pathogen directly through antagonistic property, compe-
tition for iron, detoxification or degradation of virulence factors or indirectly by
inducing systemic resistance in plants against certain diseases (Lugtenberg and
Kamilova 2009). Endophytic bacterial biocontrol agents can inhibit the growth of
fungal or bacterial pathogens by one or more of the several mechanisms, some of
which are described below.

3.3.1 Antagonism

Endophytic bacteria can exhibit biocontrol activity (antifungal and antibacterial)
through production of allelochemicals or antibiotics. Gram negative biocontrol
agents like Pseudomonas produce HCN, pyoleutorin, pyrrolnitrin, 2,4-diacetylphlo-
roglucinol and phenazines chiefly phenazine-1-carboxylic acid and phenazine-1-
carboxamide (Lugtenberg and Kamilova 2009). In Pseudomonas fluorescens CHAO,
all these above mentioned metabolites are required for biocontrol. However, the
expression of their genes may change with different plant cultivars (Rochat et al.
2010; Joussetet al. 2011). Few other compound including gluconic acid and 2-hexyl-
5-propyl resorcinol produced by the antagonistic bacterial strains have also been
demonstrated recently (Cazorla et al. 2006; Kaur et al. 2006). Munumbicin, an anti-
biotic produced by endophytic bacteria inhibits growth of phytopathogenic fungi P.
ultimum and F. oxysporum (Castillo et al. 2002). Certain volatile organic compounds
like 2,3-butanediol, or blends of volatiles produced by Bacillus sp. also act as bio-
control agents (Strobel 2006). Level of antibiotic synthesis depends upon the nutri-
tional factors viz. type of carbon source utilized, trace elements and availability of
other nutrients as well as non-nutritional factors like environmental influences
(Compant et al. 2005).
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Bacteria can restrict the growth of pathogens by producing hydrolytic enzymes
such as chitinase, -1,3-glucanase, protease, laminarinase etc. (Ordentlich et al.
1988). Bacillus cepacia has been reported to destroy Rhizoctonia solani, R. rolfsii,
and Pythium ultimum by producing [B-1,3-glucanase (Fridlender et al. 1993).
Addition of endophytic bacteria B. cereus 65 directly to soil has been reported to
protect cotton seedlings from root rot disease caused by Rhizoctonia solani (Pleban
et al. 1997). Secretion of protease and chitinase by endophytic Enterobacter and
Pantoea species isolated from cotton were found to protect the plants against fungal
pathogen Fusarium oxysporum f. sp. vasinfectum (Li et al. 2010).

3.3.2 Siderophore Production

Under iron-limiting condition, some biocontrollers produce small molecular weight
compound, known as siderophore, which has the capability to chelate unavailable
iron and make it available to plants and cohabiting microorganism, and thus, deprive
pathogen (Compant et al. 2005). An array of siderophores is produced but majority
of biocontrollers are known to produce catacholate, hydroxymate and/or phenolate
type (Rajkumar et al. 2010). In addition to biocontrol, siderophores are known to
play multiple roles in diazotrophic bacterial species. As the diazotrophic bacteria
require both iron and molybdenum for the activity of nitrogenase, the role of sidero-
phore seems pivotal under iron deficient conditions (Kraepiel et al. 2009).

3.3.3 Induced Systemic Resistance

During their interaction with plants, endophytic bacteria results in improving the
immune response of plants for future attack by pathogens, a phenomenon called as
induced systemic resistance (Compant et al. 2005; van Loon 2007). In contrast to
biocontrol mechanisms, extensive colonization of root system is not required for
induced systemic resistance (Lugtenberg and Kamilova 2009).

The bacterial products that elicit induction of induced systemic resistance are of
diverse category and show their induction in plants which possibly possess receptors
for the respective ligands. These inducers may be lipopolysaccharides, flagella, sidero-
phores, antibiotics, volatile organic compounds and quorum-sensing signals (van
Loon 2007). It has been reported that both siderophore (pyochelin) and antibiotic
(pyocyanin) are needed for induced systemic resistance by P. aeruginosa TNSK2
(Audenaert et al. 2002). Role of volatile organic compounds such as 2,3-butanediol
produced by Bacillus sp. in induced systemic resistance has been reported by Ryu
et al. (2004). Mostly induced systemic resistance activated by plant growth promoting
bacteria are jasmonate or ethylene mediated (van Loon 2007). In Arabidopsis thali-
ana, jasmonate or ethylene mediated induced systemic resistance by Bradyrhizobium
sp. (Cartieaux et al. 2008) strain, ORS278 in Arabidopsis thaliana by transcriptome
analysis and SA mediated by endophytic bacteria Paenibacillus alvei (Tjamos et al.
2005) have been reported. The level of salicylic acid production and intensity of fungal
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growth inhibition was found to vary with different bacterial isolates (Forchetti et al.
2010). In a recent study, Bacillus cereus AR156 was reported to trigger induced
systemic resistance in A. thaliana through salicylic acid and jasmonic acid/ethylene-
signaling pathways in an NPR1-dependent manner (Niu et al. 2011).

Induced systemic resistance may induce various genes to immunize the host
plant mechanically or metabolically by increasing cell wall strength, alteration of
host physiology or metabolic responses, enhanced synthesis of plant defense chemi-
cals such as phenolic compounds, pathogenicity related protein (PR-1, PR-2, PR-5),
chitinases, peroxidases, phenyl alanine ammonia lyase, phytoalexins, oxidase and/
or chalcone synthase. These metabolic products shield the host plant from future
attacks from pathogens (Duijff et al. 1997; Compant et al. 2005).

Local immune response induced by plant growth promoting bacteria has also
been demonstrated in few studies. However, it is genotype specific and depends on
bacterial species. Burkholderia phytofirmans PsJN induces local immune response
by ion fluxes, salicylic acid production and defense gene activation in grapevine,
while production of phenylalanine ammonia lyase, peroxidase and polyphenol oxi-
dase activities have been observed in cucumber plant in response to Pseudomonas
sp. (Chen et al. 2000). Moreover, production of phytoalexins such as resveratrol and
viniferin in host plant have also been reported recently (Verhagen et al. 2010).

In addition to nitrogen-fixation ability, these bacteria can influence plant growth
through one or more properties. These include production of phytohormones,
siderophores, induced systemic tolerance through production of 1-aminocyclopro-
pane-1-carboxylase deaminase, induced systemic resistance and antagonistic
activities.

4 Ecology and Diversity of Endophytic Bacteria

The make-up of endophytic bacterial communities is very likely affected by deter-
ministic factors as well as stochastic events (Hardoim et al. 2008). Other than soil
factors, plants also offer a selective environment to microorganisms, ‘filtering out’
specific microbial groups from the diversity found at plant roots (Rosenblueth and
Martinez-Romero 2006). Thus, various factors like plant genotype and physiologi-
cal status, bacterial colonization traits, abiotic conditions and agricultural manage-
ment regimes can affect the diversity of bacterial communities in root tissues
(Hardoim et al. 2008). Out of these factors, plant genotype may play a key role in
the selection of distinct bacterial communities that associate with plants (Andreote
et al. 2010).

Endophytes can colonize more aggressively and displace others when inoculated
with other bacteria in a competition experiment. This opinion is based on the reports
where Pantoea sp. was found to be outcompeting Ochrobactrum sp. in rice (Verma
et al. 2004) and with different R. etli strains in maize (Rosenblueth and Martinez-
Romero 2006). Many endophytes have a broad host range. However, it has not been
studied in a systematic and quantitative manner. Recently, Klebsiella oxytoca and
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Achromobacter xylosoxidans originally isolated from Typha australis and wheat
respectively were reported to colonize rice plants (Jha and Kumar 2007, 2009).
However, colonization ability of different bacterial strains varies widely. Dong et al.
(2003) studied the colonization pattern of gfp-tagged Escherichia coli K-12,
Salmonella enterica serotype Typhimurium strain ATCC 14028, and K. pneumoniae
342 and concluded that significant strain specificity exists for plant entry and for
most strains. They also studied the kinetics of invasion by endophytic bacteria and
found a strong correlation between rhizosphere colonization and interior coloniza-
tion for all strains. Despite being best colonizer in the interior, K. pneumoniae 342
showed the lowest correlation between rhizospheric colonization and endophytic
colonization among the other six strains which showed a strong positive correlation.
Based on their experiment, they deduced that single colony forming unit in the
inoculum was sufficient to cause invasion of the plant interior for certain isolates
while higher number of cells was required for effective colonization for other strains.
They reported that endophytic colonization is an active process controlled by genetic
determinants from both partners (Dong et al. 2003).

A proper understanding of interactions and resulting exchange of signals between
microbial communities would facilitate the development of new strategies to pro-
mote beneficial interaction between the microorganisms and plants. The genetic
diversity of bacteria can be evaluated using amplified ribosomal DNA (rDNA)
restriction analysis, rep-Polymerase chain reaction genomic fingerprinting and
small subunit ribosomal DNA sequencing etc. (Grange and Hungria 2004). Sequence
analysis of amplified nifH has also been used to study the diversity of diazotrophic
bacteria isolated from plants (Rosado et al. 1998; Zhang et al. 2006; Chowdhury
et al. 2007). The nifH sequence of several known diazotroph families cluster were
similar to that of 16S ribosomal RNA (rRNA) analysis. Therefore, nifH analysis is
also used for study of diversity among diazotrophic bacteria (Ueda et al. 1995a;
Zhang et al. 2006; Venieraki et al. 2011).

For studying diversity of diazotrophic bacteria, combined use of rDNA and rRNA
analysis has been proposed to give more detailed understanding of bacterial com-
munity (Nogales et al. 2001). Community diversity in terms of desired metabolic
activity or rRNA-based approach can also be studied comprehensively by stable iso-
tope probing method (Manefield et al. 2002; Kiely et al. 2006). Active endophytic
bacterial community has been studied recently by analyzing 16S rRNA sequences of
density resolved DNA using stable isotope probing (Rasche et al. 2009). Denaturing
gradient gel electrophoresis of amplified rDNA and nifH of culturable or uncultura-
ble rhizospheric and endophytic bacteria has also been used for studying molecular
diversity (Lovell et al. 2000; Araujo et al. 2002; Abreu-Tarazi et al. 2010; Burbano
etal. 2010; West et al. 2010). In addition, other methods like single strand conforma-
tion polymorphism, Terminal restriction fragment length polymorphism of rDNA
can also be helpful in elucidating the prevalence of molecular diversity and studying
phylogenetic relationship among bacteria. Metagenomic approach has been useful in
understanding community structure of both cultivable and uncultivable bacteria.
Metagenomics is the genomic analysis of uncultured microorganisms, which is of
two types: a function-driven approach, in which metagenomic libraries are initially
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screened for an expressed trait, and a sequence-driven approach, in which libraries
are initially screened for particular DNA sequences (Schloss and Handelsman 2003;
Zeyaullah et al. 2009).

The make-up of endophytic bacterial communities depends on various factors such
as soil type, soil composition, soil environment, plant genotype and physiological
status, bacterial colonization traits, and agricultural management regimes. Colonization
and abundance of different bacterial species varies widely with host plants. Endophytic
bacterial community can be analyzed employing stable isotope probing as well as
various modern molecular approaches which are based on analysis of 16S ribosomal
deoxyribonucleic acid (DNA), gene encoding products for nitrogen fixation and
repetitive DNAs. Moreover, metagenomic approaches allow estimation and analysis
of unculturable bacteria at genomic as well as functional genomic level.

5 Colonization of Endophytic Bacteria

Colonization of bacteria in the plant is a complex process, which involve interplay
between several bacterial traits and genes, and plant responses. The colonization is
an orchestra of number of steps: (a) migration towards root surface i.e. chemotaxis,
(b) attachment and microcolony formation, (c) distribution along root and, (d)
growth and survival of the population. Colonization pattern of bacteria can be
obtained by tagging the putative colonizing bacteria with a molecular marker such
as auto-fluorescent marker such as green fluorescent protein (gfp) or B-glucuroni-
dase (gus) followed by electron or confocal laser scanning microscopy (Singh et al.
2011). The presence of various reporter genes on the colonization of diazotrophic
endophytic bacteria was summarized in Table 2. Although, molecular mechanism
involved in the endophytic colonization process is not well understood, recent
reports based on genomic data suggest resemblance of colonization process between
pathogenic and endophytic bacteria (Krause et al. 2006; Hardoim et al. 2008).

5.1 Chemotaxis and Electrotaxis

Root colonization is the first and critical step in the establishment of plant-microbe
association. Microorganisms move towards rhizosphere in response to root exudates
which are rich in amino acids, organic acids, sugars, vitamins, purines/pyrimidines
and other metabolic products. Thus, motility and chemotaxis play a key role in the
root colonization. At the same time, in addition to providing nutritional substances,
plants start cross-talk with microorganisms by secreting some signals which cause
colonization by some bacteria while inhibit the others (Bais et al. 2006; Compant
et al. 2010b). Like plant-rhizobia interaction, plant root exudates do influence the
expression of genes in associating bacteria. Stimulation of colonization of wheat
and Brassica napus by A. brasilense and A. caulinodans in response to flavonoids
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Table 2 Effect of reporter genes on the colonization of diazotrophic endophytic bacteria

Gene product/

Gene function Advantages/disadvantages References

tfdA 2,4-dichlorophe Low resolution King et al. (1991)
noxyacetate
monooxygenase

phoA Alkaline Soluble end product Reuber et al. (1991)
phosphatase

xylE Catechol Amplification or photographic ~ Winstanley et al.

Heavy metal

2,3-dioxygenase
Heavy metal

exposure for detection
Requires plate counting

(1991)
de Lorenzo (1994)

resistance resistance
lacZ B-galactosidase High background in most Kovach et al. (1994)
plant and bacteria
Antibiotic Antibiotic Requires plate counting Kovach et al. (1995)
resistance Resistance
celB B-glucosidase Detection after denaturation Voorhorst et al.
of endogenous enzymes (1995)
luxA, luc Luciferase Low resolution Ladha and Reddy
(2000)
g, bfp, yfp, Autoflourescent High resolution. Real time Godfrey et al.
cfp, rfp protein application. Requires (2010)
oxygen for proper folding
gusA B-glucuronidase No background in bacteria Singh et al. (2011)

and plants, requires
substrate

from host exudates indicates that flavonoid may be determinant for endophytic
colonization (O’Callaghan et al. 2000). In a more recent report, naringenin, a
flavonoid present in exudates of plants has been reported to modulate the expression
of genes in H. seropedicae and this alteration in gene expression were the decisive
for endophytic colonization (Tadra-Sfeir et al. 2011). In addition to chemotaxis,
electrotaxis (electrogenic ion transport at the root surface) has also been considered
as a possible mechanism for initiating rhizobacterial colonization (van West et al.
2002). Sloughed up root cap cells also have large impact on plant-microbe interac-
tion (Hawes et al. 1998). Root hair regions and emergence points are preferred site
for colonization (Lugtenberg and Kamilova 2009).

Colonization of root by microorganism may further induce release of exudates
which can create ‘biased’ rhizosphere with exudation of specific metabolic prod-
ucts, which in turn induce flagellar motility that directs their colonization on plant
surfaces. Motility of endophytic bacteria is considered as one of the most important
aspect for successful colonization event. P. fluorescence defective in chemotaxis-
driven flagellar motility was found to have reduced colonization efficiency
(Lugtenberg et al. 2001). Similarly, type IV pili mediated twitching motility has
been found to be instrumental in the establishment of successful endophytic coloni-
zation by P. stutzeri, Azoarcus sp. and H. seropedicae (Bohm et al. 2007; Yan et al.
2008; Pedrosa et al. 2011).
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5.2 Attachment on Root Surface

Chemotaxis or electrotaxis driven migration of bacteria to roots is followed by
adhesion of bacteria on root surface to get entry into the plant tissue. Adherence of
these bacterial cells depends on various cell surface molecules which includes cell
appendages (flagella or pili), major outer membrane proteins and secretion system
of bacteria which play major role for invasion. Bacterial flagella and pili also play
an important role in the colonization process by adhering on plant surfaces.
Glycosylated polar flagellum is thought to act directly as a root adhesion (Croes
et al. 1993). Role of flagella in colonization has evidenced recently where FliC3
(product of flagellin genes) which was considered previously as microbe associated
molecular pattern, has been found to be required for endophytic colonization in the
Azoarcus-rice interaction, most likely for spreading inside the plant (Reinhold-
Hurek and Hurek 2011). Involvement of type IV pili in adherence to plant surface
in Azoarcus has also been demonstrated (Dorr et al. 1998). Additional mechanisms
can also be operative for initial plant-microbe interaction. Bilal et al. (1993) sug-
gested that cellulose fibrils, a cell-surface protein and Ca** dependent adhesion may
be implicated in the specific interaction with plants. Moreover, chemical composition
of lipopolysaccharides present on the surface of bacteria might be determinative for
successful colonization in host plants (Serrato et al. 2010).

Role of bacterial major outer membrane protein in early host recognition has
been recognized in earlier report, where major outer membrane proteins from
Azospirillum brasilense showed stronger adhesion to extracts of cereals than extracts
of legumes and tomatoes. It suggests the involvement of major outer membrane
proteins in adhesion, root adsorption and cell aggregation of bacterium (Burdman
et al. 2000). Bacterial cells are equipped with various secretion systems which
enable them to interact successfully with the host plant. Preston et al. (2001)
identified secretion system type III (hrp) in P. fluorescens SBW25 by in-vitro expres-
sion technology, a promoter trapping technique used to identify genes expressed
in-vivo during colonization process.

5.3 Entry and Distribution Along Root

Entry of endophytic bacteria in plant roots is known to occur through (a) wounds
particularly where lateral or adventitious roots occur; (b) root hairs and (c) space
between undamaged epidermal cells (Sprent and de Faria 1988). Chi et al. (2005)
demonstrated that the colonization of gfp-tagged rhizobia in crop plants begin with
surface colonization of the rhizoplane at lateral root emergence, followed by endo-
phytic colonization within roots, and then ascending endophytic migration into the
stem base, leaf sheath, and leaves where they develop high populations. Azospirillum
may also colonize endophytically through wounds and cracks of the plant root.
Spreading of Azospirillum from the lateral root emergence to other part of root
depends on the status of the nitrogen and carbon source present in the vicinity
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(Ramos et al. 2002). G. diazotrophicus gains its entry into micropropagated sugarcane
plantlet through wounds caused by emerging lateral roots (Sevilla and Kennedy
2000). James et al. (2001) reported that G. diazotrophicus enters in sugarcane and
other gramineous plant roots via lateral root junctions and/or root tips and subse-
quently colonizes the root vascular system from where it is translocated to the
lower stem in the xylem. Similarly, massive colonization of P. fluorescens PICF7
on root hairs and site of differentiation of olive plant was noticed in a very recent
report (Prieto et al. 2011). Crack entry of A. caulinodans ORS571 in response to
release of flavonoids such as naringenin from host plant and subsequent intercellular
colonization of the cortex of root systems of rice, wheat and Arabidopsis thaliana
have earlier been observed (Gough et al. 1997; Webster et al. 1997). Compant et al.
(2008) reported the chronological detection of endophytic B. phytofirmans PsIN
on the root surfaces, in the endorhiza and inside inflorescence stalks of Vitis
vinifera (Fig. 2).

Endophytic bacteria may colonize root tissues and spread actively in aerial parts
of plants through expressing moderate amount of degradative enzymes such as pec-
tinases and cellulases. Utilization of aforesaid enzymatic activities for colonization
by A. irakense (Khammas and Kaiser 1991), Azoarcus sp. (Hurek and Reinhold-
Hurek 2003) and others, has been demonstrated as one of the efficient methods to
get entry into the host plant. Endoglucanase is one of the major determinants for the
colonization of endorhizosphere, which was evident from the observation that
Azoarcus strain lacking endoglucanse was not effective in colonizing the rice plant
(Reinhold-Hurek et al. 2006). The endoglucanase preferably attacks oligosaccha-
rides larger than cellobiose and releases larger oligomers from substrates such
as carboxymethylcellulose, and is thus likely to loosen larger cellulose fibers, which
may help bacteria to enter in the plant tissue (Hurek and Reinhold-Hurek 2003).
A homologue of endoglucanase gene has also been identified in P. stutzeri A1501,
which occasionally colonizes cortex of crop plants (Yan et al. 2008). In addition to
endoglucanse, exoglucanases may also help in the colonization process. An exoglu-
canase having cellobiohydrolase and B-glucosidase activity on wide substrate spec-
trum including xylosides was identified to be key player in Azoarcus sp. BH72 for
colonization process (Reinhold-Hurek et al. 2006). A. irakense isolates have been
found to colonize intracellularly in rice that may be enabled by the expression of
pectinolytic, cellulotyic and B-glucosidase enzymes (Somers et al. 2004). In plants
like Elaegnus and Mimosa sp., the endophyte penetrates the root radial walls pre-
sumably by digesting the middle lamella and then proceeds between cells and
through intercellular spaces. In Parasponia plants, the colonizing bacteria stimulate
cell division in the outer cortex. In due course these newly formed cells rupture the
epidermis resulting in an effective wound infection (Sprent and de Faria 1988).
In contrast to above examples, genes encoding plant cell wall degrading enzymes
has not been found in the endophytic bacteria H. seropedicae strain SmR1 (Pedrosa
et al. 2011).

Azoarcus sp., an obligate endophyte of Kallar grass, has been critically studied
by using transposon mutant expressing 3-glucuronidase constitutively as a reporter
gene (Hurek and Reinhold-Hurek 2003). Azoarcus sp. BH72 colonize apical region
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Fig. 2 Epifluorescence microscopic images of roots of grapevine fruiting cuttings inoculated with
Burkholderia phytofirmans PsJIN::gfp2 x 1-4 weeks after soil inoculation with 5x 10® colony forming
units g~' of soil. Gfp-tagged bacteria (arrows) were visualized at the root hair zone (a—c) colonized
root hairs (a—c), on other rhizodermal cells (d and e), at lateral root emergence sites (f) and at the
root tip (g—i). A natural epiphytic microbial communities was also detected on the root surface of
inoculated plants (arrows in b, e, f and i) as well as on the roots of control plants (arrows in j and
k). Similar rhizoplane colonizations by strain PSJN were found from 1 to 4 weeks postinoculation.
Scale bars: (a) 100 mm, (b) 30 mm, (¢) 75 mm, (d and e) 30 mm, (f) 100 mm, (g) 1 mm, (h)
500 mm, (i) 250 mm and (j and k) 100 mm (Reproduced from Compant et al. (2008) with permission
from Wiley)

of roots behind the meristem intensively and penetrate the rhizoplane preferentially
in the zone of elongation and differentiation. It colonize in the cortex region both
inter- and intra-cellularly. In older parts of the roots, it also occurs in aerenchymatic
air spaces. Azoarcus sp. is capable of invading even the xylem vessels suggesting its
systemic spreading into shoots through the transport in vessels. However, shoot
colonization of Gramineae appears to be more pronounced in Gluonoacetobacter
diazotrophicus (James and Olivares 1998) and H. seropedicae (Gyaneshwar et al.
2002). Intercellular colonization of endophytic bacteria in cortex as well as xylem
of root has been reported in recent studies (Prieto et al. 2011; Schmidt et al. 2011).
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Fig. 3 Schematic presentations for the sites of plant colonization by endophytic bacteria. Figure
in the left panel represents longitudinal section of root depicting possible sites for entry of endo-
phytic bacteria. Figure in the right panel represents transverse section of root showing the distribu-
tion and colonization of endophytic bacteria (Reproduced from Compant et al. (2010a) with
permission from Elsevier)

Compant et al. (2011) reported the colonization of endophytic bacteria in epidermis
and xylem of even reproductive organ of grapevine. Based on the colonization
pattern of P. fluorescens PICP2 and PICF2 in root hairs of olive plant, Prieto et al.
(2011) suggested that endophytic bacteria are confined within an organelle most
likely vacuole which arises by narrowing of an internal membranous structure in
roots. The possible sites of colonization by diazotrophic endophytic bacteria are
depicted in Fig. 3.

5.4 Growth and Survival

Endophytic colonization is not as specific as of Rhizobia but successful endophytic
colonization does involve a compatible host plant (Ryan et al. 2008). However,
endophytic colonization indeed depends upon the physiological changes in plants
and is restricted or slowed down by the defense mechanisms (Rosenblueth and
Martinez-Romero 2006). Colonization of G. diazotrophicus was found to be dimin-
ished in plants grown under high nitrogen fertilizer regime. This reduction in colo-
nization was explained as a result of altered plant physiology in the presence of
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nitrogen fertilizer, which reduces sucrose concentration to be utilized by endophytic
bacteria (Fuentes-Ramirez et al. 1999). Influence of organic amendment on endo-
phytic population has also been demonstrated (Hallmann et al. 1997). Plant defense
responses play a critical role in regulating colonization of endophytic bacteria.
In dicotyledonous plants, salicylic acid and ethylene restricts the endophytic colo-
nization. Ethylene, a signal molecule of induced systemic resistance in plants
decreases endophytic colonization as observed in Arabidopsis thaliana inoculated
with K. pneumoniae 342 (Iniguez et al. 2005). However, proteomic approach used
to study the bacterial colonization indicated that instead of ethylene and salicylic
acid, it is the jasmonic acid which contributes in restricting endophytic coloniza-
tion in grasses (Miche et al. 2006). Expression of jasmonic acid induced pathogen-
esis related proteins (defense proteins) depends upon the compatibility of plant
variety and endophytic bacteria. Inoculation of Azoarcus sp. to more compatible
rice (Oryza sativa) culivar IR36 led to the expression of fewer jasmonic acid-
induced pathogenesis related proteins than that of less compatible cultivar IR42.
Antimicrobial peptides synthesized by some plants like rice and maize may
reduce endophytic colonization (Fuentes-Ramirez et al. 1999). Understanding of
molecular mechanism and conditions limiting the colonization process need to be
elucidated for exploiting the beneficial endophytic or associative interaction with
plants.

Colonization process of an endophytic bacterium involves various steps which
include migration towards root surface, attachment and microcolony formation on
plant surface, distribution along root and growth and survival of the population
inside plant tissue.

6 Revamp in Genomic and Proteomic Studies
of Endophytic Bacteria

This section critically summarizes the recent advances in the genomic and proteomic
aspects of diazotrophic endophytic bacteria.

6.1 Genomic Studies

Prospects of potential application of endophytic bacteria led the exploration of their
genomic make up so that these bacteria can be exploited for sustainable and produc-
tive agriculture advancement. In recent years, genomic sequences of several endo-
phytic diazotrophs other than rhizobia have been summarized in tabular form
(Table 3).

Recently Kaneko et al. (2010) reported the complete genome sequence of
Azospirillum sp. B510. In this, nitrogenase genes and assembly related protein are
located in three separate loci in chromosome. It is also mentioned that it possess genes
of 1-aminocyclopropane-1-carboxylate deaminase activity and indole-3-acetic acid
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Table 3 Some diazotrophic endophytic bacteria with their genome sizes and annonate genes

No. of genes
Endophytic bacteria Genome size (bp) annotated References
Azoarcus sp. EbN1 4,727,255 4,686 Rabus et al.
(2005)
Azoarcus sp. BHT2 5,376,040 4,073 Krause et al.
(2006)
Bacillus amylolique- 3,918,589 3,693 Chen et al. (2007)
faciens FZB42
Klebsiella pneumoniae 5,920,257 5,881 Fouts et al. (2008)
342
Pseudomonas stutzeri 4,567,418 4,237 Yan et al. (2008)
A1501
Gluconoacetobacter 3,999,591 3,997 Bertalan et al.
diazotrophicus Pal5 (2009)
Azotobacter vinelandii 5,365,318 5,133 Setubal et al.
DJ, BAA-1303 (2009)
Azospirillum sp. B510 3,311,395 2,893 Kaneko et al.
(2010)
Enterobacter sp. 638 4,676,467 4,444 Taghavi et al.
(2010)
B. subtilis BSn5 4,093,599 4,177 Deng et al. (2011)
Variovorax paradoxus 6,754,997 6,279 Han et al. (2011)
S110
Azoarcus sp. strain 5,081,166 4,531 Nishizawa et al.
KH32C (2012)
Herbaspirillum 5,513,887 4,804 Pedrosa et al.
seropedicae (2011)
Burkholderia 8,214,658 7,487 Weilharter et al.
phytofirmans PsIN (2011)
Serratia proteamaculans 5,448,853 4,942 Zhu et al. (2012)
568

production. Other than this, genes related to ion transport, Quorom sensing, secretion
system (Type IV), motility genes have been described. The information provided in this
study can be exploited to study the role of various genes in the colonization process
described above as well as augmentation of genes related to plant growth promoting
bacteria activities can provide a potential genetically modified biofertilizer candidate.

The strain Azoarcus sp. BH72 consists of gene cluster that encodes cell surface
components (Type IV pili) which seems to be important factor for host-microbe
interaction as this cluster is absent in related non-endophytic soil bacteria Azoarcus
sp. EbN1 (Krause et al. 2006). Genes encoding products for exopolysaccharide
polymerization, translocation (gum operon of Xanthomonas compestris and rhizo-
bial pss gene cluster) and products required for plant-microbe interaction resemble
to that of pathogenic bacteria and rhizobium. It differs from that of pathogenic
bacteria in not secreting hydrolases. However, genes for producing low amount of
macerating enzyme endoglucanase (EglA) is synthesized which is probably required
for endophytic colonization (Krause et al. 2006).
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Analysis of the G. diazotrophicus Pal5 complete genome sequence provides
important insights into the endophytic relationship, and suggests many interesting
candidate genes for post-genomic experiments (Bertalan et al. 2009). The genome
sequence results showed unexpectedly high number of mobile elements for an endo-
phytic bacterium; thus suggest a high number of horizontal gene transfer events. To
change niche from rhizosphere to endophytic, the bacteria should penetrate the plant.
The putative gum-like cluster containing an endoglucanase could be important in this
regard. The genome shows various properties such as biological nitrogen fixation,
phytohormones and biocontrol genes. Several features for an endophytic lifestyle are
found in genome islands, including type IV secretion systems, flagella, pili, chemot-
axis, biofilm, capsular polysaccharide and some transport proteins.

Comparison of G. diazotrophicus and Azoarcus sp. BH72 genome sequences
showed that these endophytic diazotrophic bacteria adopted very different strategies
to colonize plants. Features like, large number of TonB receptors, gum-like and nif
clusters, and osmotolerance mechanisms are common to both endophytic diaz-
otrophic bacteria. Presence of TonB receptors has been found to be common in
almost all endophytic bacteria (Reinhold-Hurek and Hurek 2011). Apart from this,
G. diazotrophicus has a larger number of transport systems, and it is capable of grow-
ing on a wide variety of carbon sources, while Azoarcus sp. BH72 has rather complex
signaling mechanisms to communicate with its plant host (Bertalan et al. 2009).

Herbaspirillum seropedicae is well characterized diazotrophic endophytic bacteria,
which is known to interact with several plant species belonging to family Graminiae.
Presence of few mobile elements in most of the endophytic bacteria with exception
of G. diazotrophicus Pal5 indicates low recombination or rearrangement which
might be a reason for their adaptation to endophytic lifestyle (Krause et al. 2006;
Pedrosa et al. 2011). It is well equipped with nif gene cluster with 46 open reading
frames which includes structural and regulatory genes for nitrogenase synthesis and
activity, molybdenum uptake, electron transport, metal cluster analysis and other
related functions. In addition to diazotrophy, H. seropedicae possesses complete
machinery for auxin, siderophore and 1-aminocyclopropane-1-carboxylate deaminase
synthesis which make it suitable candidate for plant growth promotion. In order to
colonize plant, H. seropedicae expresses a variety of secretion system including
secretion system type II, III, V and type IV pili. Genes for type IV pili encode for
proteins which play role in attachment to surfaces, twitching motility, biofilm formation,
virulence and protein secretion. Expression of lytic transglycolase help in plant-
microbe interaction through its ability to degrade peptidoglycan partially which
allow efficient assembly and anchoring of transport complexes (secretions system
type II and III) and type IV pili to the cell envelope. However, expression of type I11
secretion system has not been observed in proteomic analysis which suggest for
availability of suitable physiological condition for their synthesis and function.
Since, invasion of bacteria into the plant is kind of stress for both microbe and host,
genes encoding function to combat osmotic stress, salinity desiccation, nitrogen
starvation, ultraviolet radiation, pH and other stresses are present in H. seropedicae.
These include, synthesis of amylopectin like polysaccharides, trehalose and Na*(K*)/
H* antiporter which contribute to defense against osmotic stress. Genes for hemolysin
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and hemagglutins have also been found which may be presumably required for surface
attachment and biofilm formation during plant tissue colonization. Moreover, avail-
ability for metabolic pathways for the degradation of several aromatic compounds
indicate that these pathways may be instrumental for given bacteria to thrive on plant
tissue owing to their metabolic flexibility and defense against toxic phytochemicals
(Pedrosa et al. 2011).

Comparative genomic analyses of diazotrophic K. pneumoniae 342 with the pre-
sumed human pathogen K. pneumoniae MGH78578 suggested that the later appar-
ently cannot fix nitrogen, and the distribution of genes essential to surface attachment,
secretion, transport, and regulation and signaling varied between both genome,
which revealed a critical divergences between the strains that influence their pre-
ferred host ranges and lifestyles. Little genome information is available concerning
endophytic bacteria. The K. pneumoniae 342 genome unveil bacterial-plant host
relationships, which could ultimately enhance growth and nutrition of important
agricultural crops and development of plant-derived products and biofuels (Fouts
et al. 2008).

In addition to above mentioned bacterial species, genome of other endophytic
bacteria namely B. phytofirmans (strain DSM 17436/PsJN), Enterobacter sp. (strain
638), Methylobacterium populi (strain ATCC BAA-705/NCIMB 13946/BJ001),
P. putida (strain W619), Serratia proteamaculans (strain 568), Stenotrophomonas
maltophilia (strain R551-3) have also been sequenced (Table 3). Although, genome
sequences of many endophytic bacteria are being compiled, it still needs thoughtful
analysis and strategy to develop a potential biofertilizer strain which can be manipu-
lated in different environmental conditions.

6.2 Proteomics Studies

In the last decade, proteomics has been applied for the identification of proteins that
are important in plant responses to microorganisms. Several grasses have interac-
tion with plant growth-promoting N -fixing bacteria which do not form a specific
root structure like a nodule. A large number of proteomic techniques are available
for the analysis of various aspects of proteins, including their post-translational
modification, expression profile, and interaction network (Pandey and Mann 2000).
The two most famous proteomic methods are two-dimensional gel electrophoresis
and mass spectrometry. Differential display tool difference gel electrophoresis is an
extension of two-dimensional gel electrophoresis technique to compare multiple
samples simultaneously. There are numerous other gel-based or gel-free and quan-
titative or qualitative proteomic methods, which includes isotope-coded affinity tag,
isobaric tag for relative and absolute quantification, stable isotope labeling with
amino acids in cell culture, label-free comparative Liquid chromatography-Mass
Spectrometry, protein phosphorylation identification, and protein microarrays, that
can be used to elucidate plant bacterial interactions (Xing et al. 2004; Roe and
Griffin 2006; America and Cordewener 2008; Gong et al. 2008).
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Proteome analysis of rice roots infected with Azoarcus sp. was carried out to
characterize the plant responses to these endophytes. Out of 1,000 displayed proteins,
47 responded to inoculation, including salt-stress and pathogenesis-related proteins
and a putative receptor kinase. These proteins are involved in the endophyte infec-
tion process as they were also induced by jasmonic acid, which inhibits the infection
process (Miche et al. 2006)

In G. diazotrophicus, 583 proteins were identified by two-dimensional gel elec-
trophoresis /Matrix associated laser desorption/ionization for the establishment of a
proteome reference map (Lery et al. 2008). Proteins of various pathways related to
nucleotides, amino acids, carbohydrates, lipids, cofactors and energy metabolism
have been described for comparative studies with other bacterial species. Various
proteins related to Nitrogen-fixation, ion transporting, adaptation and protection
related, regulatory and metabolic pathway proteins. When G. diazotrophicus colo-
nizes sugarcane present in the cocultivation medium, changes occurs in various
metabolic pathways, membrane-associated structure, redox reactions, transcript and
translational regulation, and energy metabolism in comparison to control. So, the
differentially expressed proteins showing modifications in bacterial metabolism and
physiology in G. diazotrophicus during cocultivation with sugarcane provided
information about the proteins involved in plant-bacterial interaction. The knowl-
edge of metabolic fundamentals and coordination of these pathways are important
for studying plant-endophyte interaction for attaining sustainable agriculture (Lery
et al. 2008).

Cheng et al. (2009) observed that among the 275 identified proteins, in P. putida
UW4, 1-aminocyclopropane-1-carboxylate deaminase is noteworthy because of its
substantial role in plant growth-promoting activity. Furthermore, majority of the
identified proteins were in bacterial cytosol. The identification of periplasmic,
membrane-spanning and extracellular proteins indicated that the methodology is
capable of providing a degree of representation from all cellular compartments
including less soluble membrane fractions. One additional protein was identified as
homologous to a Bradyrhizobium japonicum protein, which was later confirmed by
several independent mass spectrometry analyses. It suggested a possibility that this
protein was acquired from Bradyrhizobium species via lateral transfer, but it needs
further confirmation. The functional diversity of the identified proteins can be used
to investigate the responses of P. putida UW4 in response to various environmental
signals. This data set will be helpful to unveil plant growth-promoting mechanisms
present in this and similar bacteria, and in future to characterize bacterial interac-
tions in the environment (Cheng et al. 2009).

Chaves et al. (2007) reported the proteome reference map of H. seropedicae. Out
of 205 proteins identified during their study, 17 were hypothetical or conserved
hypothetical proteins. The annotated proteins were classified in 19 clusters of
orthologous groups categories, except proteins involved in defense mechanisms
which all were identified. The clusters of orthologous groups categories were
grouped in four classes: proteins involved in metabolism, information storage and
processing, cellular processes and poorly characterized class (Chaves et al. 2007).
Analysis of samples for meta-proteogenomics can be performed following the major
steps mentioned as shown in Fig. 4.
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Fig. 4 Diagrammatic representation of meta-proteogenomics sample analysis methods

Ongoing progress towards in-depth analysis of genomic and whole protein
profile of some of the potential endophytic bacteria such as Azoarcus sp.,
Gluconoacetobacter diazotrophicus, Herbaspirillum seropedicae, Serratia marcesens
can help understand mechanism involved in plant-endophyte interaction which in
turn will be deterministic in use of suitable formulations of endophytic bacteria to
be used as biofertilizer for sustainable agriculture.

7 Conclusion

Exploration of endophytic bacteria and their abilities to enhance plant growth and
productivity indeed indicates the existence of their natural associations and beneficial
impact which can be exploited to feed burgeoning population of the world. Despite
the fact that a large number of associative and endophytic bacteria have shown the
potential in laboratory and green house condition but their consistent performance
was failed under natural condition (Lucy et al. 2004). The reduction in the efficiency
was noted when plants inoculated with endophytic bacteria were shifted from pot to
field conditions (Gyaneshwar et al. 2002). These factors that affect colonization and
the bacteria derived benefit to plants may be soil type, nutritional status of soil, host
plant genotype and age as well as climatic conditions (Muthukumarasamy et al.
2005). It has been also evident from the earlier reports that plant growth and yield
can be increased by the combined use of fertilizers and endophytic bacteria. This
practice reduced the inputs of chemical fertilizers in the soil (Yanni et al. 1997;
Saleh and Glick 2001). However, high amount of available utilizable N results
in reduced colonization of endophytic bacteria and also reduce the process of
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N, -fixation due to regulatory mechanism acting in the diazotrophs. As observed in
some studies, high nitrogen fertilized soil reduced the colonization of sugarcane by
G. diazotrophicus and H. seropedicae (Fuentes-Ramirez et al. 1999; dos Reis et al.
2000). Therefore, a challenge is posed for systematic optimization for the applica-
tion of suitable diazotrophs isolates and the amount of fertilizer to be added to
obtain maximum output. Use of compost may be useful at some extent which pro-
vides utilizable N to support the growth of microorganism and make the plant evade
from negative effects of diazotrophs colonization (Muthukumarasamy et al. 2007).

One of the major challenges includes selection of plant genotype and age, and
compatible associative bacteria. Understanding of this compatibility would be helpful
in enhancing the productivity using specific bacterial strain. Since, the colonization
of associative bacteria depends upon seasonal changes and soil hydric stress, multiples
field trials are required to optimize the parameters for obtaining the maximum
output. Another factor which might be plays a crucial role is the plant defense
response because it may limit or reduce the colonization of associative bacteria.
In addition, the colonization mechanism is still not well understood. Intelligent
analysis of genomic and functional genomic studies can help to manipulate the
conditions in order to enhance the bacterial colonization process and increased plant
growth attributes and also provides a better way to understand the ecology and
behaviours of the endophytic diazotrophs.
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Crop and Soil Management Zone Delineation
Based on Soil Property or Yield Classification

Michael S. Cox and Patrick D. Gerard

Abstract Site-specific crop and soil management has the potential to increase crop
production efficiency and decrease environmental impact. Determination of man-
agement zones is essential for site-specific management to be successful. These zones
delineate portions of the field with the same yield limiting factors such that these
factors can be managed independent of the rest of the field. However, spatial and
temporal variability can confound zone delineation, thus stability of the zones must
be ensured. Zone delineation has typically followed one of two methods. The first
method defines areas of the field using the variability in crop yield while the second
uses the variability of soil properties that might influence yield. Cluster analysis has
commonly been used as a pattern recognition method to identify stable zones based
on yield data. After the yield zones have been classified, soil properties can be
related to the zones and be managed on a site specific basis. These soil properties
can be found using directed sampling, intense soil survey data or some form of
remote sensing. The second method of determining management zones used the
spatial variability of soil physical or chemical properties to define the management
areas. The high cost of intensive soil sampling needed for this method proved to be
a limitation. Soil electrical conductivity (EC ) has emerged as an inexpensive way
of identifying soil variability and has been used in many studies to relate soil differ-
ences to crop yield. These differences were typically related to changes in soil series
or soil water availability. While zone delineation has shown to be successful in
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many crops, there is little information available on zones changes between crops in
a rotation.

The objectives of this study were to determine if yield classes change between
crops within a soybean-corn-soybean rotation and whether soil properties can predict
the yield classes or the year-to-year changes. A percentile classification method was
used to categorize 3 years of yield in two fields into low, medium and high yield
classes. There was significant agreement in yield classifications between years in
both fields. Linear discriminant analysis predicted yield class based on soil properties
correctly 10-66% of the time in Field 1 and in Field 233-100% of the time. There was
little consistency in soil properties used to make class predictions in Field 1 but soil
apparent electrical conductivity did appear in four of the six discriminant functions.
Field 2 had a great deal of consistency in soil parameters that classified yield from
year to year. Soil test K and Mg were present in all discriminant functions while Ca,
P, texture and EC_ were present in five of the six. Of the years where at least one
variable was found to be useful in discrimination, ECa was present in both fields.
This suggests that the management zones based on these soil properties may increase
production efficiency.

Keywords Soil fertility ¢ Plant/soil interactions * Site-specific management

1 Introduction

Sustainable agriculture depends on the efficient use of soil inputs. Site specific crop
management (SSCM) attempts to optimize production inputs based on the variability
present in the field in such a way as to maximize economic return while minimizing
the potential for environmental impact and assuring crop quality and traceability
(Godwin et al. 2002). This process of developing an SSCM plan considers many
different crop growth factors and the effect they have on crop yield and quality and
can involve a number of decision support tools. Crop and soil management zone
delineation is an important part of this process. Crop and/or soil management zones
are intended to identify within-field areas that have the same or similar yield limiting
characteristics such that they can be managed independently. These zones are
intended to maximize the efficiency of inputs by only using the required amounts in
those areas in need. However, spatial and temporal variability in crop growth and
yield patterns can add to the difficulty in determining yield-limiting soil properties
(Huggins and Alderfer 1995; Lamb et al. 1997; Schepers et al. 2004; Diker et al.
2004). Zone delineation techniques have typically followed one of two approaches.
One option has been to identify zones from crop yield maps collected over a number
of years. This method collects multiple years of yield history from a field or fields
and then subjects the data to some form of pattern recognition analysis (Lark and
Stafford 1997; Grenzedorffer and Gebbers 2001). The second option is to identify
soil factors in the field which influence yield (Stafford et al. 1996). This approach
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investigates the spatial variability of soil chemical and physical properties in the
field and attempts to delineate zones appropriate for some form of variable rate
management. A potential limitation with this option is the amount of data required
for zone delineation. In a review of soil variability studies, Beckett and Webster
(1971) found that significant spatial correlation between samples can be tens of
meters for some physical and chemical properties but that up to a half of that variability
can occur within 1 m?. Hence, the cost of measuring soil variability by traditional
sampling, i.e. cores, can be prohibitive.

2 Defining Soil Management Zones Using Crop Yield

Several methods using data clustering have been proposed to identify zones based
on yield patterns. Cluster analysis in some form has come to dominate the analy-
sis methods. Clustering assigns data points into groups such that objects within
the same group are more alike than those in other groups. When used in SSCM,
the data points can represent some crop or soil characteristic that limits or poten-
tially limits crop growth or yield. For instance, nutrient values may be clustered to
determine field areas where growth or yield may be limited due to deficiencies.
The data points may also be measures of growth or yield in order to determine
limiting factors. In this scenario, yield values may be clustered to define lower or
higher yielding areas of a field. These areas are then sampled for various crop
growth factors to determine which factor or factors are limiting yield. Cluster
analysis has been used in a number of studies to define SSCM management
zones.

Lark and Stafford (1997) used a multivariate clustering method and 3 years of
winter barley (Hordeum vulgare) yield data and found that patterns could be deter-
mined using this method. This study collected yield data from a 6 ha field located at
the Silsoe Research Institute from 1993 to 1995. Data for local weather, soil series
information and soil moisture, organic matter, pH and mineral N at two depths from
around the field were also collected. The yield data was subjected to non-hierarchi-
cal “fuzzy” clustering as a pattern recognition method. This method resulted in two
distinctive clusters representing high yield that were associated with individual soil
series. It also found that soil moisture was related to one of these high yielding
clusters. A third cluster was also found to be related to soil moisture. The research-
ers concluded that fuzzy classification could identify patterns of between season
yield variation and the patterns were spatially coherent and the differences between
the groups could be attributed to soil moisture.

Most research that uses crop yield to determine management zones measures
yield values with yield monitors. Boydell and McBratney (2002) took a different
approach using remotely sensed cotton yield estimates to develop stable yield areas
applicable to management zones. Estimating yield from remotely sensed data is not
limited to SSCM applications. Bauer (1975) discusses remote sensing applications
in determining yield and distribution of crops. In the Boydell and McBratney study,
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the authors used Landsat TM data for two fields collected over 11 consecutive years.
The remotely sensed data was analyzed for temporal stability using a fuzzy
classification method discussed by de Gruijterand McBratney (1988). The classification
found two options for each field. One option used two clusters (management
zones) of spatially stable data while the other found with seven to nine clusters.
It was noted that climatic factors (i.e. dryland years vs. irrigated) affected overall
cluster means and could affect the presence of outliers. They concluded that stable
yield patterns may emerge from multi-year estimates, water management resulted
in different behavior of yield patterns, and 5-years of data gave reasonably stable
estimates of yield zones.

In contrast to the findings of Lark and Stafford (1997) and Boydell and
McBratney (2002), Dobermann et al. (2003) compared the fuzzy classification
methodology used by Boydell and McBratney (2002), a hierarchal clustering
method (Johnsoan and Wichern 1998) and four empirical methods to classify and
delineate yield zones in two corn/soybean fields over 6 years. The empirical
methods included one published method (Blackmore 2000) and three protocols
based on the frequency distribution of the yield data. The authors concluded that
the empirical methods accounted for less than 54% of the yield variability and were
unable to define the high-yielding areas of the fields. The cluster analysis did only
slightly better accounting for 60-66% of yield variation and there was little difference
between the cluster analysis methods. However, the fuzzy-K classification method
of de Gruijter and McBratney (1988) accounted for less yield variability if used
with average yield or yearly yield data than if used with average yield and its
standard deviation.

Cluster analysis coupled with discriminant analysis has also been used to
determine potential management zones. Discriminant analysis has been used in a
number of studies to relate categorical data (yield data) to soil or topographical data
(Jaynes et al. 2003; Ping et al. 2005; Cox and Gerard 2007). Discriminant analysis
can be used to determine relationships between categorical dependent variables
(categories are known a priori) and quantitative independent variables (Hair et al.
1987). Jaynes et al. (2003) classified 224 yield plots into clusters and then predicted
which yield cluster each plot would fit into based on 6 years of corn (Zea mays)
yield data. They concluded that this method could be used to determine management
zones if inputs vary among yield clusters.

Ping et al. (2005) found similar results in irrigated cotton (Gossypium hirsutum).
They used cluster analysis to group lint yield and soil properties into high and low
yield classes. This study found that soil pH, extractable Ca and Mg, K saturation,
clay content and soil N:P ratio were related to cotton yield class, and two potential
management zones were developed from these soil properties.

Empirical classification methods have also been used to determine yield patterns.
Blackmore (2000) used 6 years of both winter wheat (Triticum aestivum) and oil
seed rape (Brassica napus L.). yield data. The coefficient of variation (CV) deter-
mined for each data point mean over the years was used to determine the temporal
stability. Coefficients of variation for the standardized yield means greater than 30%
were regarded as temporally unstable when considering all crop years and removed
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from further analysis. The important outcome of this study was that stable yield
zones could be identified even where the crop changed.

Cox and Gerard (2007) used Blackmore’s method to define four yield classes and
identify soil and or topographical properties that best predicted yield class for three
fields growing soybean over 3 years. Cox and Gerard (2010) also used this method
when attempting to determine yield zones in a soybean-rice rotation. They found
that this method could be used to define yield zones but there was little consistency
in the zones from year to year. These studies showed that multi-year yield data
could be classified into zones and the zones related to soil or topographical
properties.

3 Defining Soil Management Zones Using Soil Properties

Many attempts have been made to identify soil management zones based on soil
chemical or physical properties (Kitchen et al. 1999; King et al. 2005; Cox et al.
2005, 2006). A recurring issue throughout these investigations however is the number
of samples required to adequately define the variability in the soil properties is high
and the cost becomes prohibitive to use in production systems. Hence alternative
methods of delineation soil variability have been investigated.

Kitchen et al. (1999) explored the use of inexpensive and accurate methods for
measuring soil properties that could aid in the interpretation of yield maps and aid
in making SSCM decisions. In this study, the investigators chose four fields with
claypan soils and measured EC_ in a vertical dipole mode resulting in a measurement
depth of approximately 1.83 m (root zone). At the time of EC, data collection, the
depth of the Bt horizon (claypan depth) was also measured. The fields in question
were also soil-sampled based on a grid with each grid size appropriate to the field
being sampled to a depth of 15 cm and analyzed for P, K, Ca, Mg, CEC, organic
matter pH, and neutralizable acidity. Grain yield was measured using a commercial
yield monitor mounted on combines. Soil EC, was converted to topsoil thickness
through regression similar to Doolittle (1994). Kitchen et al. found little correlation
between yield and soil measurements but did find that EC, could be used to aid in
management zone interpretation. High EC~measurements were indicative of
droughty soil areas with shallow topsoils, thus soil management though could
increase water infiltration and/or water conservation would be beneficial.

Fraisse et al. (2001) used an unsupervised classification of topographic attributes
(slope, profile curvature, tangential curvature, and compound topographic index
(CTD)) and soil EC_ to define soil management areas then used yield data to deter-
mine the zone applicability. The soil data was subjected to principle component
analysis to determine which variables were the major contributors to variability and
hence, used in the unsupervised classification. The PCA results indicated elevation
and soil EC_ as well as slope should be used in the unsupervised classification
but that the slope variable may have less of an effect on the zone delineation.
The classification procedure was used to delineate two to six management zones in
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each field. Yield data was collected over a period of 5 years for two fields and
included three different crops. After normalizing the yield data, the maximum
decrease in yield variance was explained by five zones when water stress occurred
in the first field. However the number of zones required to decrease the yield variance
was temporally (crop grown and weather) dependent.

In 2002, Anderson-Cook et al. attempted to classify mid-Atlantic coastal plain
soil types within fields using EC_and crop yield maps. They reasoned that soil types
could serve as delineators for variable rate application maps (i.e. management
zones) but using an Order 1 Soil Survey (prepared at scales ranging from 1:2,500 to
1:10,000) at the scale needed for this use would be prohibitively expensive. In this
particular study, the soils at the experimental site were determined by an Order
1 soil survey (Nicholson et al. 1998). Georeferenced soil EC_ was collected in the
horizontal dipole model (measurement depth of approximately 0.75 m). Yield for a
variety of crops was collected with a commercial combine equipped with a yield
monitor. Correct classification rates delineating soil types depended on crop and
year but ranged from 85.3 to 95.5% when EC_ alone was used for classification,
83-88.8% when crop yield alone was used for classification and 90.3-96.4% when
both EC_ and crop yield were used for classification. The researchers concluded EC,
and crop yield could be used to delineate broad differences in soil types (manage-
ment zones) but that classification of more precise soil types was more difficult.

The findings of Anderson-Cook et al. (2002) were supported in the 2003 study of
Earl et al. The objective of this study was to rate methods for determining spatial
variability in soil series, fertility, and physical properties. Soil series maps were
generated from soil samples collected on a 100 m grid on five representative fields
in England and Wales. Soil pits were also used for profile determination in selected
spots in each field. The authors then collected EC, data and soil samples gathered
with a mechanized soil sampler. In addition, soil samples were collected on a 50 m
grid for nutrient analysis. Earl et al. found that the conventional method of soil sampling
was appropriate for determining soil series at the location of sampling but could not
delineate soil series boundary. The boundaries could be found when using the
mechanized soil sampling method but the time required for core analysis was
prohibitive. Soil variation found from the EC_ data appeared to reflect the variation
in soil series and was cost effective method of measuring soil variability. A limitation
of this study was that no crop yield data was included to determine if this soil
variability contributed to yield limitations and would, thus serve as management
zone delineation method.

The limitation of the Earl et al. (2003) study was address in a separate study by
Taylor et al. (2003). Three fields used in Earl et al. (2003) were harvested for
2-3 years using a commercial combine equipped with a yield monitor. Soil EC, was
measured when the fields were at or near field capacity and detailed soil surveys were
conducted using a tractor mounted soil sampling device. Soil EC_ variation was
highly correlated to variations in soil series. Soil variability and yield variability
agreement was higher in dry seasons while in wetter years the longer-range variability
was smaller. The researchers did find that multivariate clustering of yield and EC_
data identified zones that coincided with differences in soil nutrient levels and
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yield differences in the following season. This could result in nutrient management
zones for directed soil sampling.

A 2006 study in northeastern Colorado took a different approach and compared
two management zone systems, one based on yield, the other based on soil color.
Hornung et al. (2006) developed a delineation technique using bare soil imagery,
topography and a producer’s experience with the field and compared that with a
technique using bare soil imagery, soil organic matter, soil cation exchange capacity,
soil texture, and yield data from the previous year. Management zones were delineated
based on both methods and N applied in accordance with the zones. Grain yields
from the technique using bare soil imagery, topography and a producer’s experience
were significantly different between zones and were consistently higher than the
more complex method. Thus, Hornung et al. considered the technique based on
fewer inputs was relatively better than the yield based technique

4 Objectives

While many of the studies outlined above used multiple years of data and were
successful in delineating management zones, few considered the effect of crop rotation
and how management zones might change temporally from crop to crop. Cox and
Gerard (2010) attempted to determine and predict management zones from year to
year in a soybean (Glycine max)- rice (Oryza sativa) rotation and had limited
success. One of the possible limitations of this study was the drastic change in
cultural conditions as the rice was grown under flooded conditions while the
soybean was grown under irrigated conditions. Hence the purpose of this study was
to determine and predict management zones temporally using crops grown under
similar cultural conditions.

The specific objectives of this study were to determine: (1) if yield classes change
between crops within a soybean-corn-soybean rotation and (2) whether soil properties
can predict the yield classes or the year-to-year changes.

5 Materials and Methods

5.1 Site Description

The study was conducted on two commercial fields (Field 1: 23 ha and Field 2:
17 ha) located near Shelby, Mississippi (33° 57" 03.72 N, 90° 46’ 04.65 W). Field
1 is comprised of approximately 37% Forestdale (fine, smectitic, thermic Typic
Endoaqualf), 35% Dubbs (fine-silty, mixed, active, thermic Typic Hapludalf), 14%
Dowling (very-fine, smectitic, nonacid, thermic Vertic Endoaquept) and 13%
Dundee (fine-silty, mixed, active, thermic Typic Endoaqualf) soils (Soil Survey
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Staff 2011). Field 2 consists of approximately 40% Dundee, 39% Dowling and 20%
Forestdale soils (Soil Survey Staff 2011). The weather conditions during this study
were generally wet in the spring with dry to drought-like conditions common during
the summer. Both fields were irrigated during the dry portions of the growing season.
These fields were in a soybean (2007, 2009) — corn (2008) rotation during the course
of this study.

5.2 Yield Collection and Analysis

A commercial yield monitor configured to record data at 1 s intervals and a
differentially corrected geographical positioning system (DGPS) receiver
mounted on a field combine were used to measure crop yields over the course of
this study. The 1 s measurement interval resulted in a yield sample of approximately
1.5 by 6 m with the center point of the rectangle recorded as the yield location.
Spatial and temporal changes in the yield data were then analyzed following
Blackmore (2000): To remove the effects of years and create a dataset that could
be considered relative yield, each yield value was standardized by dividing it by
the yearly average for that field and then multiplying by 100 (Dobermann et al.
2003). ArcView geographical information system (GIS) (ESRI, Redlands, CA,
USA) was then used to overlay the standardized yield data for each year. The
three standardized yield values were averaged for each yield location in the field
to give one mean standardized yield value. Coefficients of variation (CV) for
each yield location in the field were determined as described by Blackmore
(2000) to determine the amount of temporal variability in the data. Yield loca-
tions in a field with a CV >30% were considered to be unstable and removed
from further analysis (Wollenhaupt et al. 1997). The majority of those points
removed were located at the field edges. The remaining yearly yield data were
separated into three yield classes according to Cox and Gerard (2010).
Standardized yield data less than or equal to the 33rd percentile were classified
as low yielding, those with values that were greater than the 33rd percentile but
less than or equal to the 66th percentile were classified as average yielding, and
those greater than the 66th percentile were classified as high yielding. Year to
year consistency between yield classes was assessed using a frequency analysis
(Proc Freq of SAS Ver. 9) (SAS Inst, Cary, NC, USA). A frequency analysis can
determine if there is agreement or similarity between datasets (years in this
case) using a Kappa coefficient. A Kappa coefficient of one indicates perfect
agreement between years, whereas a value of zero represents the agreement
expected by chance alone. A Kappa coefficient significantly different from zero
indicates agreement. Although a Kappa coefficient might be statistically different
from zero, it may not have much practicality because of the large sample size
used in this study. For these large datasets, therefore, it is more meaningful to
report the confidence intervals for the Kappa coefficient (Agresti 1990). If the
confidence interval includes zero, then there is only agreement that is expected
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Fig. 1 Apparent soil electrical conductivity (EC)) is often determined using an EM38. Shown
above is a similar unit (EM38-DD, Geonics, Mississauga, Ontario, Canada) designed to collect
both horizontal (effective measuring depth is approximately 75 cm) and vertical (effective measur-
ing depth is approximately 150 cm) (McNeill 1980)

by chance alone. If the confidence interval does not include zero, then there is
evidence of a higher level of agreement.

5.3 Soil and Topography Characterization and Analysis

As in Cox and Gerard (2010) soil samples (0—15 cm) were taken in the spring of
each year from a 10 m radius around the center point of a 1 ha square grid. Twenty
six samples were collected from Field 1 and 20 samples from Field 2. The samples
of soil were allowed to air dry and ground to pass through a 2-mm sieve. Soil samples
were analyzed for pH in water (1:1) and soil test Ca, K, Mg and P by the Lancaster
method (Cox 2001). Dry combustion (Vario EL /II elemental analyzer, Elementar
Inc., Mt. Laurel, NJ. USA) was used to determine total C and N (Nelson and
Sommers 1996). Texture was determined by the pipette method (Gee and Orr 2002).
Shallow (0-30 cm) and deep (0-100 cm) apparent soil electrical conductivities
(EC,) were recorded with a ground conductivity meter (EM38-DD, Geonics,
Mississauga, Ontario, Canada) (Fig. 1). Elevation was recorded relative to a local
benchmark at each soil sampling point using RTK-GPS (Topcon, Livermore,
CA, USA). The standardized yield data were overlain with the soil sampling data
to match the soil sample point to the relevant yield data for statistical analysis. The
yield locations closest to the soil sampling point were used to represent the normal-
ized yield at that sampling point. This distance was never more than 2 m. PROC
UNIVARIATE of SAS Ver. 9 (SAS Inst., Cary, NC, USA) was used to compute
descriptive statistics for the soil and yield data.

5.4 Statistics

Several studies have used linear discriminant analysis to relate categorical data,
such as the yield classes used here, to soil or topographical data (Jaynes et al.
2003; Ping et al. 2005; Cox and Gerard 2007, 2010). This analysis is similar to
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Fig. 2 Results of yield zone classification for Field 1. Crop rotation in this field was soybean
(2007, 2009) — Corn (2008)

analysis of variance but can be used to determine relationships between categorical
dependent variables (categories are known a priori) and quantitative independent
variables (Hair et al. 1987). PROC STEPDISC Ver. 9 (SAS Inst., Cary, NC, USA)
with the backward elimination option was used to determine which soil properties
(0.15 level of significance to remain in the model) provided the best discrimina-
tion between the yield classes. PROC DISCRIM Ver. 9 with the crossvalidate
option (SAS Inst., Cary, NC, USA) was used to develop a discriminant function
from the main contributing soil properties that could place locations in each field
into a predicted yield class. The predicted yield class was then compared to the
actual yield class to determine the accuracy of the discriminating function for
each year of this study.

6 Results and Discussion

6.1 General Yield Characteristics

For Field 1, the 33rd and 66th percentiles were 100 and 109 kg ha™' in 2007
(soybean). For 2008, the 33rd and 66th percentiles were 97 and 116 kg ha™' and
in 2009 they were 92 and 120 kg ha™'. For Field 2, pertinent percentiles for the
2007 soybean yield were 102 (33rd percentile) and 112 kg ha' (66th percen-
tile). For 2008, the percentiles were 102 and 114 kg ha™'. In the 2009 soybean
year, the percentiles were 88 and 128 kg ha™'. General yield patterns determined
for each field and each year are shown in Fig. 2 (Field 1) and Fig. 3 (Field 2).
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Fig. 3 Results of yield zone classification for Field 2. Crop rotation in this field was soybean
(2007, 2009) — Corn (2008)

Table 1 Agreement between year-to-year yield class comparisons in Field 1 based on a fre-
quency analysis

% Agreement

2008 2009

Yield Class Low Average High Low Average High
2007

Low 65 18 17 58 21 21
Average 27 33 41 27 34 39
High 20 25 55 30 36 33
2008

Low 43 23 34
Average 29 34 37
High 31 44 36

6.2 Frequency Analysis

A frequency analysis was used to determine if yield classes in each field remained
consistent across years. Yield classes in Field 1 were marginally consistent.
Agreement between classes ranged from 33% (2007/2008 average; 2007/2009
high) to 65% (2007/2008 2 low) (Table 1). Field 2 results were similar to those of
Field 1. Yield class agreement ranged from 33% (2007/2009 average) to 52%
(2007/2009 low) in this field (Table 2). All other combinations were within
these ranges suggesting the yield classes were marginally stable from year to year.
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Table 2 Agreement between year-to-year yield class comparisons in Field 2 based on a fre-
quency analysis

% Agreement

2008 2009

Yield Class Low Average High Low Average High
2007

Low 51 23 26 52 26 22
Average 26 34 39 26 33 41
High 26 34 40 24 36 40
2008

Low 50 29 21
Average 27 34 40
High 23 34 42

None of the confidence intervals for any of the Kappa coefficients included zero
and, therefore, the agreement between each classification was considered to be
significant. The ranges of consistency are somewhat expected given the presence
of a soybean-corn rotation but they do suggest that the yield classes may be useful
in predicting management zones if these classes are related to yield-affecting
soil properties.

6.3 Yield Class Prediction

Soil properties that could predict yield class for each year were identified using discriminant
analysis. The analysis was successful in 49% of the total comparisons of actual and
predicted yield class in Field 1 and 65% of the comparisons in Field 2.

In Field 1, the low yielding areas of the field in 2007 were classified correctly
43% (Table 3) of the time based on soil Ca and Mg and soil EC , whereas the only
point representing a high yielding area was misclassified for the crop. The average
yielding portions of the field had the most accurate predictions with 50% being
classified correctly. In 2008, the low yielding areas of the field were classified correctly
29% of the time, the average yielding areas were correctly classified 66% of the
time and the high yielding areas were accurate 50% of the time (Table 3). These
classifications were based on soil Ca, K, and Mg, total C and N, pH, texture, and
EC.. Soil P, pH, EC, and elevation were used to create a discriminant function for
2009. The low yielding areas of the field were classified correctly 22% of the time,
the average yielding areas were correct 43% of the time and the high yielding areas
50% of the time using this function (Table 3).

As in Cox and Gerard (2010), we tried to predict crop yield classes in following
years with soil data collected in prior years. A discrimination function predicting
the 2008 corn yield classes based on total N, soil available P and K, soil texture
and elevation determined in 2007 resulted in 0% (low yield), 44% (average yield)
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Table 3 Classification accuracies of predicted versus actual yield for the linear discriminant func-
tions developed for Field 1

Predicted yield class

Percentage correct

2007 2008 2009
Actual yield
class Low Average High Low Average High Low Average High
Low 43 57 0 29 14 57 22 33 44
Average 44 50 6 0 66 33 29 43 29
High 0 100 0 50 0 50 20 30 50

These functions were developed to determine potential soybean/corn yield classes from soil prop-
erties in Field 1

Table 4 Classification accuracies of predicted versus actual yield for the linear discriminant
functions developed for Field 1

Predicted yield class

Percentage correct

Soil property  Actual yield 2008 Corn yield 2009 Soybean yield
year class Low Average High Low Average High
2007 Low 0 57 43 0 56 44
Average 33 44 22 29 57 14
High 20 40 40 30 20 50
2008 Low
Average
High

These functions were developed to determine potential soybean/corn yield classes from soil
properties in Field 1

and 40% (high yield) correct classification (Table 4). It is notable that the 2007 soil
data resulted in worse predictions in Field 1 for the areas requiring management
decisions in 2008 (i.e. the low and average yielding areas) than did the soil data
gathered in 2008. This was expected as the rotation changed from soybean in 2007
to corn in 2008. However, soil testing laboratories often give recommendations for
3 years. These results bring that practice into question. The accuracy of these
predictions were 0% for low yielding areas, 57% for the average yielding areas and
50% for the high yielding areas (Table 4) based on Ca, K, Mg, P, total C and N, and
texture. No variables were found to be useful when attempting to determine the
2009 yield classes using the soil measurements determined in 2008.

Results of the discriminant analysis were mixed for Field 2 also (Table 5).
The discriminant procedure found soil Ca, K, Mg, P, pH, texture, elevation and ECa
useful in predicting the 2007 yield. The resulting function correctly predicted the
low (50%), average (100%) and high (64%) crop yield categories (Table 5). The discriminant
analysis found soil Ca, K, Mg, total C and N, pH, texture and ECa could be used to
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Table 5 Classification accuracies of predicted versus actual yield for the linear discriminant
functions developed based on soil data in Field 2

Predicted yield class

Percentage correct

Actual yield 2007 2008 2009

class Low Average High Low Average High Low Average High
Low 50 25 25 60 40 0 40 20 40
Average 0 100 0 33 67 0 13 75 13
High 18 18 64 33 0 67 29 0 71

These functions were developed to determine potential soybean/corn yield classes from soil
properties

Table 6 Classification accuracies of predicted versus actual yield for the linear discriminant func-
tions developed to predict yield class based on soil data from previous years in Field 2

Predicted yield class

Percentage correct

Soil Actual 2008 Corn yield 2009 Soybean yield
property year yield class Low Average High Low Average High
2007 Low 60 0 40 40 0 60
Average 0 67 33 0 63 38
High 17 0 83 43 29 29
2008 Low 40 0 60
Average 0 88 13
High 57 0 43

The discriminating function that would predict the 2009 yield also contained these
same soil properties with the exception of soil pH. The resulting function correctly
predicted the low (40%), average (75%) and high (71%) crop yield categories
(Table 5).

The soil properties recorded in 2007 and 2008 were moderately successful in
predicting the subsequent yield classes (Table 6). Percentages of correct classification
in these years ranged from 29% (2007/2009, high yield) to 88% (2008/2009, average
yield) (Table 6) based on soil Ca, K, Mg, P, total C and N, soil pH, soil texture and
elevation (2008) and soil K, Mg, P, total C and N, soil texture, elevation and EC,
(2009). The best classification resulted from using 2008 soil Ca, K, Mg, P, total C
and N, soil texture, EC; to predict the average yield class of the 2009 soybean
crop.

In Field 1, there was little or no consistency in the best soil properties for
classifying yield from year to year. However, soil EC, did appear in four of the six
classification functions made for this field. This suggests that soil EC , while not a
plant growth factor in itself, was related to yield class and could be used to direct
soil sampling. In contrast to Field 1, Field 2 had a great deal of consistency in soil
parameters that classified yield from year to year. Soil test K and Mg were present
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in all classification functions while Ca, P, texture and ECa were present in five of the
six. The presence of soil test K and P in the functions for this field suggest that variable
rate application of these fertilizers may increase efficiency, while texture and EC,
may be used to direct soil sampling in this field as in Field 1. While there was no
one soil factor in both fields for every year of the study, there was some consistency
in the best soil properties for classifying in both fields. Of the years where a
discriminating function could be found usable according to backward elimination,
soil EC, was a selected variable in both fields. This suggests that the management
zones based on this soil property may increase production efficiency.

6.4 Yield Classification Change Between Years

Since the discriminant analysis of the relationship between yield classification and
soil properties was not consistently successful, we tried to determine if soil properties
could be used to predict the change in yield classification between years. To do this,
the change in classification from year to year was determined and assigned a general
categorical response of increase, no change or decrease (Cox and Gerard 2010).
A discriminant analysis was again used to determine if the yield classification
response could be related to the soil properties from the previous years.

In Field 1, no variables were found to predict changes in yield classification from
2007 (soybean) to 2008 (corn) or from 2007 (soybean) to 2009 (soybean). The changes
between the 2008 corn and the 2009 soybean yield classes were predicted based on
total C data collected in 2008 and soil EC,_. The success rate ranged from 13% for
those areas with no change to 45% where yield class decreased.

In Field 2, the linear discriminant function was 78% successful when predicting
the no change yield classification from 2007 (soybean) to 2008 (corn) using soil test
Ca and K, total C and N, pH, soil texture and elevation. However, the function was
only correct 50% of the time when calculating the increase in yield classification for
these years. This same function was 71% accurate when predicting the decrease in
yield classification. Generally, predictions between the 2007 soybean crop and the
2008 corn crop using the 2007 soil test Ca and Mg and soil EC_ data were worse
than the yearly 2007 and 2008 estimations. The discriminant function accurately
predicted the no change, increase and decrease yield classifications 40, 33 and 83%
of the time, respectively. The discriminant analysis found pH and EC, to be useful
when using the 2008 soil parameters to predict changes in yield classification in the
2009 yield dataset. Accuracies for these predictions were 75, 86, and 44% when
comparing no change, decreased yield, and increased yield respectively.

Successful management zone delineation has been achieved using monocrop
systems (Lark and Stafford 1997; Hornung et al. 2006; Jaynes et al. 2003). However,
information is limited for rotation systems. The results of this study indicate some
success at zone definition in a soybean-corn rotation suggesting that this method
could be used to delineate crop/soil management zones. These methods have the
potential to direct soil management decisions resulting in correct placement of soil
amendments for efficient crop production with minimal environmental impact.
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7 Conclusion

In summary, yield data collected over 3 years from two producer fields in a
soybean-corn-soybean rotation were normalized to remove the effect of years and
then categorized into low-yielding, average-yielding, and high-yielding classes.
In both fields, this classification resulted clusters of low, medium, and high yielding
areas for all 3 years of the study. A frequency analysis found significant agreement
in both fields when comparing year-to-year yield classification. Kappa values for
the comparisons were significant due to the large number of data points, and were
probably not meaningful. However, none of the confidence intervals for the values
included zero, thus the agreements were deemed significant.

Linear discriminant analysis was also used to determine if yield class could be
predicted by soil parameters. In Field 1, this analysis found relationships ranging
from 0 to 66% of the time while in Field 2 the success rate ranged from 40 to 100%
of the time. Linear discriminant analysis was also used to find soil parameters that
could predict the change in yield class from year-to-year. In both fields, various soil
parameters could be used to determine changes in yield classes among the crops.

This study found that management zone definition in a soybean-corn rotation
could be achieved with some success. These zones have the potential to direct soil
management decisions resulting in correct placement of soil amendments for
efficient crop production with minimal environmental impact.
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The Vine Functioning Pathway,
A New Conceptual Representation

Cécile Coulon-Leroy, René Morlat, Gérard Barbeau, Christian Gary,
and Marie Thiollet-Scholtus

Abstract Climate change, new regulations for preservation of the environment and
demands of the markets for specific products, make it increasingly necessary to
optimize the choice of cropping practices. The winegrowers take into account the
combined influences of environmental factors, plant material and practices, to
improve grapes and wine. However, this combined influence has been little studied.
A general formalization of these multiple influences at the scale of viticultural terroirs
is necessary to better characterize the growth of the vine and its impact on the yearly
characteristics of grape and wine. In this article, following a global system approach
we review current knowledge about the relationships between environmental factors,
plant material, agricultural practices, the growth of the vine and the characteristics
of grapes and wine. We propose a conceptual model formalizing the relationships
between the systemic variables. The system can be represented as the new concept
of ‘the vine functioning pathway’, which we define as the logical and ordered com-
bination of the effects of environmental factors, plant material and agricultural prac-
tices on the levels of vigor and earliness of the vine and the final characteristics of
the product. The resulting product of the system model is the grape and then the
wine. This conceptual model is less accurate than a functional mathematical model
but is the first which takes into account the whole complexity of the vine system.
The conceptual model built and implemented by a computer can be used as a sup-
port tool for decisions aiding in the optimization of cropping practices based on
environmental factors and specific products goals.

C. Coulon-Leroy (P<) * R. Morlat * G. Barbeau * M. Thiollet-Scholtus
INRA UEI1117 Vigne et Vin, UMT Vinitera, 42 rue Georges Morel, 49071 Beaucouzé, France
e-mail: c.coulon@groupe-esa.com

C. Gary
INRA UMRI1230 System, 2 place Pierre Viala, 34060 Montpellier Cedex 2, France

E. Lichtfouse (ed.), Sustainable Agriculture Reviews, Sustainable Agriculture Reviews 11, 241
DOI 10.1007/978-94-007-5449-2_10, © Springer Science+Business Media Dordrecht 2012



242 C. Coulon-Leroy et al.

Keywords Interaction ¢ Physical environment * Cropping practices ® Vigor ¢ Precocity
* Water supply ° Quality of products

1 Introduction

Recent issues, such as climate change, new regulations for preservation of the envi-
ronment and demands of the markets for specific products, make it increasingly
necessary to optimize the choice of cropping practices. This choice is done on the
basis of production objectives and takes into account environmental factors such as
soil, parent-rock, landscape and climate characteristics.

The choice of agricultural practices, in which we include the choice of the grape
variety and the rootstock, is part of a ‘sustainable wine industry’. The International
Organization of Vine and Wine (OIV) includes in this concept the production of
quality products, considering requirements of precision in viticulture, risks to the
environment, products safety, and consumer health. The OIV concept of the ‘sus-
tainable wine industry’ involves also heritage, historical, cultural, ecological and
aesthetic aspects (OIV 2004).

The influences of the combination of environmental factors and agricultural
practices, as well as oenological practices, on the sensory properties of wine
have been known empirically for many years. Winegrowers empirically incor-
porate the effects of environmental factors, which lead to the notion of ‘terroir’.
The International Organization of Vine and Wine defines the terroir as “a con-
cept which refers to an area in which collective knowledge of the interactions
between the identifiable physical and biological environment and applied
vitivinicultural practices develops, providing distinctive characteristics for the
products originating from this area” (OIV 2010). Depending on the diversity of
the physical environmental factors, a winegrower is required to manage each of
the plots, tailoring the practices to the characteristics of the environment.
Winegrowers and cooperatives produce a range of wines, and they implement a
series of dedicated agricultural and oenological practices to obtain the wines
they want to produce, depending on the legislation, technical or economic con-
straints (Cadot 2006). The concept of ‘terroir’ is at the base of the Protected
Designation of Origin (equivalent to the French “Appellation d’Origine
Contrdlées”) organization. PDO organization allows to distinguish products and
to attribute those specific sensory, technical and environmental dimensions
(Casabianca et al. 2005).

From a conceptual point of view, the environment of the field and above all its
soil characteristics, is the first element of the terroir system; practices are considered
as less important and so less taken into account in research studies on terroir (Cadot
et al. 2012). However, on their study, these authors show the prevalence of technical
factors on the characteristics of the sensorial profiles of wines.

Here, following a global approach, we review the impact of environmental factors
and winegrowers’ practices on the grape and wine quality and the method of their
evaluation. Additionally, we propose a systemic modelisation based on the vine
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functional pathway concept to best adapt agricultural practices to the environmental
factors of the field and to the expected wine quality.

2 A Wine Style Well Identified as Objective of Production

Wine quality is perceived as multi-dimensional (Charters 2007). It is influenced by
the attributes of the grapes and the oenological practices. Nevertheless, the concept
of grape and wine quality is not much understood; and yet the identification and
definition of key components is necessary to improve vineyard management and
harvest decisions to produce grapes according to end-use specifications (Keller
2010). The quality of grapes refers to the chemical composition of berries and the
proportion of skin, seed and flesh. Wines quality can be characterized by their
chemical composition and sensorial profile (Ribéreau-Gayon et al. 1998; Landon
et al. 2008). However, the integration of individual wine attributes into the overall
wine quality remains a challenge (Soar et al. 2008).

In the aim of developing decision support aid tools for winegrowers, research
works must be driven by the commercial reality of producing wines with specific
style and quality as proposed by Holt et al. (2008). These authors considered a
global quality, evaluated quantitatively by professionals. In their study, they used
the Australian Wine Show 20-point system to evaluate wines (Rankine, 1990;
Dunphy and Locksin 1998 in Holt et al. 2008). In the same country, Halidday J.
(1991, 1998, 2003, 2006 in Sadras et al. 2007) proposed a 10-point scale.
Nevertheless, professional judges are not always consensual to evaluate wines
(Hodgson 2008 in Keller 2010; Cadot 2010; Lesschaeve 2003) and their concept of
quality can differ from those of consumers (Lattey et al. 2010).

Types of wine can be identified and can be classified according to two different
scales of details: Level I. The scale of the criteria is the nature of the end-product.
For example, the end-product is the wine and a grape variety such as Cabernet franc
from the middle Loire Valley (France) may produce a sparkling wine, a rosé or a red
wine corresponding to several Protected Designation of Origin, Level II. The scale
of the criteria is the types within the categories of the end-product. For example,
Deloire et al. (2005) identified six types in the category of red wines, which range
from wine with herbaceous to tannic wine.

The winegrower has end-products goals according to a winery strategy and
a conceptual representation of the type of wine he wants to produce, which
leads him to adapt his agricultural practices (Cadot et al. 2011). When the wine
produced by the winegrower is assessed, the conceptual representation that he
has of the type of wine does not always correspond to the perceptual represen-
tation of the wine he actually produced (Cadot et al. 2012). In one way, to
characterize product styles consensually is necessary to define the output of a
future model at the basis of a support aid tools to better adapt practices to the
production objectives. And in another way linking the wine style with the func-
tioning of the vine will allow to better monitor and control the type of product
obtained.
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Fig. 1 Representation of the construction of the quality of grapes and wines

3 A Wine Style Determined by the Functioning of the Vine

3.1 The Construction of the Quality of Grapes and Wines

The characteristics of wines depend on the characteristics of the grapes and the
wine-making practices that are implemented. Upstream characteristics of the grapes
depend on the growth of the vine that is affected by environmental factors
(soil, subsoil and landscape environment), the climate and the annual or perennial
agricultural practices of the winegrowers (Fig. 1) (Morlat et al. 2001; Van Leeuwen
et al. 2004; Ubalde et al. 2007; Reynolds and Heuvel 2009).

Winegrowers adapt their practices according to their production objectives and
to the physical characteristics of their plots. In perennial crops such as grapevine,
several agricultural practices are fixed at the time of planting; e.g., grape variety,
type of rootstock and density. Other variable practices can be adapted each year during
the growing season, depending on the climate or the performance level chosen; e.g.,
date of pruning, disbudding, intensity of leaf removal or grape thinning. If the fixed
practices associated with environmental factors do not induce the desired ecophysi-
ological comportment of the vineyard and consequently do not lead to the type of
expected wine, the winegrower has to modify the variable practices in order to com-
pensate the effect of fixed practices and environmental factors.
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Goulet and Morlat (2010) noticed that the practices that are already in place in
the vineyard are sometimes unsuitable. For example, in the vineyard of the Sarthe
in Loire Valley (France), 72% of the plots have a too vigorous rootstock since the
environmental factors induce already a very strong vigor. This observation suggests
that if winegrowers know well the environmental factors of their plots and their
effects on vine development, they can optimize their practices. A good adaptation of
practices can help reducing the negative effects of the physical factors of the envi-
ronment. Therefore, it is necessary to consider these effects in conjunction with
those of agricultural practices to better understand the behavior of the vine. If the
fixed practices were well-adapted to the environmental factors and to the objectives
of production, the number of corrective actions during the growing season would be
reduced, allowing for a more sustainable wine industry.

The winegrower considers the functioning of the vine at the plot scale. Morlat
et al. (2001) defines the Basic Terroir Unit as the smallest useful area for vineyard
management, in which the response of the vine is reproducible through the wine.
It includes three natural components: the geological substratum, the soil and the
landscape environment (Morlat et al. 2001). The Basic Terroir Unit can be studied
using a model based on soil depth and the degree of weathering of the parent rock
(Morlat et al. 2001). (Coipel et al. 2006) note that the effect of environmental factors
on terroir is related to soil depth rather than to the type of soil itself. It should be
noted that the field model of Morlat et al. (2001) cannot be applied in the case of
soils that do not result from the degradation of bedrock, such as superficial forma-
tion soils (Vaudour et al. 2005).

Bodin and Morlat (2006) showed differences between the environments classified
as ‘Weakly Weathered Rock’ and ‘Strongly Weathered Rock’ in terms of earliness
of the vine vegetative cycle. On the ‘Weakly Weathered Rock’ environments, both
vine earliness and water constraint are higher or more frequent than on ‘Strongly
Weathered Rock’ environments, but the vigor is lower. However, the authors note
that the water supply also varies depending on the type and hardness of bedrocks.

Carey et al. (2008) integrate the climatic parameters and define the Natural
Terroir Unit as a landscape characterized by a relative homogeneity of geology, soil,
topography and climate. Carbonneau (1993) integrates agricultural practices and
defines the Viticultural Terroir Unit as a combination between the Basic Terroir
Units and agricultural practices. Few studies on terroir characterization include
human activities both in their individual and collective dimension. However, human
activities can reveal the potential of a terroir through the implemented practices
(Bérard and Marchenay 2006).

It should be noted that several Basic Terroir Units might be present in the same
plot. Depending on the circumstances, the winegrower can adjust his agricultural
practices at the intra-plot level (e.g., by the choice of rootstock). Work in preci-
sion viticulture shows the importance of intra-plot management (Bramley and
Hamilton 2007).

Producers have a type of wine as an objective; for them, the soil is a major com-
ponent. However, studies linking the conceptual representation of their product and
the perceptual representation, that is to say, what they want to produce versus what
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they actually produce, highlight the role of viticultural and oenological practices,
particularly oenological practices, on which winegrowers have a better control and
can respond quickly (Cadot et al. 2012). Understanding the dynamic construction of
yield and grape quality through the analysis of the functioning of the vine may allow
producers to reduce the gap between the two representations by adapting their
practices.

3.2 Vigor and Precocity: Two Variables Used by the Winegrowers
to Monitor the Functioning of the Vine

The vine functioning can be characterized both by the earliness of the vine cycle and
the quantity of biomass produced (Champagnol 1984). Vine vigor corresponds to the
rhythm and intensity of growth of the shoot (Carbonneau et al. 2007). At the plant
level, the ‘vine vigor’ term is commonly used both in practice and in the literature to
characterize a general state of vine growth, but depending on age or size, a vine can
have few but very vigorous shoots, or many shoots that are less vigorous (Dry and
Loveys 1998). The vigor of the vine, equated with its vegetative growth, depends on
interactions between the plant material, the physical environment and the agricultural
practices, which together determine the access to water and nutrients.

The physical environment partly conditions the vigor of the vine. For the cartog-
raphy of the Basic Terroir Units of a vineyard, Morlat et al. (2001) proposed a
method to calculate a composite variable that characterized the vigor imparted by
environmental factors, according to the soil water holding capacity, the stoniness of
the soil and the hardness of the bedrock. These factors impact the maximal spatial
distribution of the root system and consequently the vine vigor; the deeper and
denser the root system, the more vigorous is the plant.

This level of vigor, however, is modified by the technical choices of the wine-
grower. There are differences in vigor depending on the choice of plant material.
The vine variety ‘Cabernet franc’ is considered more vigorous than the variety
‘Merlot” (Havinal et al. 2008). To fight against the damage caused by the insect
Philloxera vastratix, the variety named ‘scion’ is grafted onto a rootstock. Both the
rootstock itself and the combination of variety and rootstock induce strong effects
on the vigor of the vine (Minet et al. 2000). The choice of the rootstock allows com-
pensating for an excessive or deficient vigor imparted by the soil. The differences
between rootstocks (e.g., rootstock SO4 is more vigorous than rootstock Riparia)
are related to intrinsic genetic characteristics but can also be explained by differ-
ences on their response to water deficit (Marguerit et al. 2011), Goulet and Barbeau
(2006) noted that Riparia is less effective at drawing water than SO4. However, soil
properties seem to affect the distribution of the root system more significantly than
does the rootstock (Smart et al. 2006).

Vine vigor depends on the distribution of the root system and the regime of water
supply. It is modulated by the effect of environmental factors and the rootstock, but
also by agricultural practices such as intercropping (Barbeau et al. 2006). Water
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availability for the vine decreases as the surface area of the intercrop increases
(Tesic et al. 2007). Weed competition leads to a greater rooting depth of the vine in
weeded rows (Goulet and Barbeau 2006). Interrow grass cover is often used as an
alternative to chemical weed control, to reduce chemical pollution of the environ-
ment and to control soil erosion. Many studies, summarized by Morlat (2010), have
shown the positive influence of an interrow grass cover on the physical characteris-
tics of the soil, the control of the vine vigor and grape quality. This practice is fully
consistent with a sustainable viticulture. However, weed competition with the vine
depends on both the area covered by the grass in the inter-row and the grass species
used (Delabays et al. 2006); they must be carefully tailored to the characteristics of
the environment. Weeds compete with the vine for water and nitrogen (Celette et al.
2009). Nitrogen is a major mineral required for vine growth that also has an impact
on the characteristics of grapes and wine (Bell and Henschke 2005).

The distribution of the root system of the vine will also depend on the planting
density of the vine. It results from both the spacing between rows and the spacing
between plants on the row and influences the vigor of the vine. Planting density is
often determined by the decrees of the PDO that govern many French vineyards.
Plots of Chenin planted at a density of 5,000 vines/ha have a lower vigor than plots
planted at a density of 2,500 vines/ha, as evidenced by a lower weight of pruned
wood (Morlat et al. 1984). Murisier and Zufferey (2006) also noted a lower weight
of pruned wood by vine stock for the high-density vineyards of Chasselas. In low-
density vineyards, from 2,500 to 3,000 vines/ha, the vigor of the plants is maximal
because of the lack of competition. When density increases, competition between
plants intensifies, resulting in a reduced growth of individual plants, up to the limit
of 8,000 vines/ha according to Carbonneau et al. (2007).

The management of the vineyard throughout the control of vine vigor and of yield
level determines the balance between vegetative growth and productivity (Kliewer
and Dokoozlian 2005), This balance can be achieved through a rational management
system involving the aerial shape of the vine (Reynolds and Heuvel 2009) and inter-
action practices in the planting of the plot, such as the choice of rootstock and plant-
ing density (Dry and Loveys 1998; Rives 2000). Annual practices used to limit
vegetative growth, such as topping, disbudding or grape thinning, can be regarded as
remedial practices and not as factors directly influencing plant vigor.

Precocity of the vine cycle equals to early vine development means an earlier
date of onset of the main phenological stages (budbreak, flowering and veraison).
Depending on the degree of earliness the optimal maturity of the grapes for a given
type of wine will be reached sooner or later in the growing season. For example, in
the northern vineyards of France, a late variety may not achieve optimal maturity;
so harvest would eventually be decided to avoid excessive rot of grapes

Like vigor, earliness depends on the interactions between the plant, the physical
environment and agricultural practices. Its level is modified by the agricultural prac-
tices of the winegrower, but to a lesser extent than vigor. Earliness is largely due to
the macroclimate of the area where the vineyard is located, in relation with the tem-
perature of the air (Pouget 1963; Riou 1994). But it is also due to the mesoclimate
related to the landscape surrounding a patch of vines. The date of budbreak depends
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on the soil temperature at the rooting zone in relation with the water content, the soil
texture and characteristics of the soil surface (Morlat et al. 2001), so earliness is also
influenced by the soil climate. The water holding capacity is a major variable in the
thermal behavior of the soil, having an impact on soil warming and therefore on the
early establishment of the leaf area in spring and early summer (Asselin et al. 2001;
Morlat et al. 2001; Cellier et al. 1996). Differences in earliness according to soil
texture may exist in the absence of other limiting factors; for example, a stonier soil
profile induces an earlier development of vine because of an improved nighttime
heat retention (Trought et al. 2008).

Morlat et al. (2001) proposed a composite variable that characterizes the earliness
of a vine plot imparted by environmental factors, taking into account soil depth,
stoniness of the soil, hardness of the bedrock, humidity at the field capacity, natural
drainage, color of the soil surface, depth of the zone of maximum root colonization,
altitude above sea level, aperture of the landscape and aspect. For Nendel (2009),
only the sum of the temperatures has an influence. Other authors note the dominating
effect of air temperature and provide simulation models of the date of bud break
based on air temperature (Riou 1994; Pouget 1963; Garcia de Cortazar et al. 2009).

Some practices have an impact on vine precocity. The date of pruning can be
used to significantly alter the earliness imparted by environmental factors (Martin
and Dunn 2000). The date of pruning is chosen by the winegrower, primarily as a
consequence of the empiric knowledge he has on the risk of frost for each one of his
plots. If the risk of frost is high, the plot will be pruned later to delay the start of
vegetative growth and reduce the risk of damage on buds. The type of rootstock has
a slight influence on the earliness; however, very little study has been done on its
effect (Barbeau and Blin 2010).

Water supply during the vegetative and reproductive cycle of the vine impacts
the vine vigor and the precocity. Many studies show that the characteristics of the
grape are strongly influenced by the water availability (Koundouras et al. 1999).
A water supply inducing a moderate drought is optimal for the production of high
quality grapes (Morlat 2010; Van Leeuwen et al. 2009). Different levels of drought
will lead to different types of wine (Deloire et al. 2005). A non-limiting water sup-
ply leads to a higher vigor and a prolonged vegetative growth over time. The yield
is higher, but the compounds in the grapes namely sugars, organic acides and phe-
nolic compounds are less concentrated which affect wine quality (Champagnol
1984; Tesic et al. 2002; Cortell et al. 2005). Conversely, a water supply regime that
induces a very high water constraint will have an adverse effect on photosynthesis
and will decrease the production of assimilates or even block the accumulation of
sugars in the grapes (Ojeda 1999). The effect of drought on the vine depends on the
timing of its appearance. Water stress that occurs before the veraison or that is
higher after veraison has a strong negative effect on the composition of the grapes,
while a moderate water stress after veraison has a positive effect (Girona et al. 2009;
Hardie and Considine 1976; Matthews and Anderson 1988; Morlat et al. 1992;
Ojeda et al. 2002). In addition, a strong water stress causes a decrease in the size of
the berries, which may result in a high concentration of certain compounds (e.g.,
phenolic compounds in the skin) (Ojeda et al. 2002). An increase in the concentration
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of phenolic compounds results in a higher color intensity of the wine and a change
in its structure (Chacon et al. 2009). However, it should be noted that some effects,
such as an increase concentration of phenolic compounds in the skin, are indepen-
dent of the size of the berries (Roby et al. 2004).

Water supply to the vine depends on the water holding capacity of the soil, the
accessibility of the water by the roots of the vine, and the climate, as well as agri-
cultural practices and plant material. Water supply to the soil and to the vines is
linked to rainfall and possibly irrigation, while water losses are the result of runoff,
direct soil evaporation and transpiration from the plant. Goulet et al. (2004) pro-
posed a method for calculating the maximum useful water reserve in the soil as a
function of soil depth, humidity at field capacity and wilting point, bulk density and
soil texture. Next water supply during the vegetative cycle can be assessed through
a water balance model (Riou and Lebon 2000). Celette et al. (2010) have recently
proposed a new model that takes into account interrow cover crop. Gary et al. (2005)
proposed an optimal trajectory of water supply during maturation period to ensure
satisfactory quality of wine produced. Deloire et al. (2005) provided a trajectory
according to the wine style.

The vine functioning variables are dependant. The variables affecting the
growth of the vine are linked partly on water availability, which plays a major role
in the early stages of the vegetative cycle (Tesic et al. 2002; Carbonneau et al.
2007). The hierarchy of the functioning variables may vary from one region to
another. For example, the effect of a lack of water constraint tends to be more
pronounced in the French northern vineyards because the cycle of the vine is later:
the vine may still be in the vegetative stage of growth during the ripening of the
grapes (Morlat et al. 1997).

4 How to Characterize the Joint Effects of Environmental
Factors and Agricultural Practices on the Vine Functioning?

Vine functioning during the vegetative cycle can be evaluated through several mea-
surements. Many methods, direct or indirect, destructive or undestructive, have been
developed to quantify the vegetative development and the vine vigor (Tregoat et al.
2001): use of sensors such as the NDVI (Goutouly et al. 2006; Homayouni et al.
2008), direct measurements of leaf area or weight of prunes canes (Carbonneau
etal. 2007), as well as expert estimation (Bodin and Morlat 2003; Carey et al. 2007).
Precocity of the vegetative and reproductive cycle can be directly observed on vine
plots and estimated using indices that combine the dates of the phenological stages
(Barbeau et al. 1998). So measures do exist and can be used to make a diagnostic.
They are integrated in research programmes to evaluate the impact of terroir factors.
However, since they are available only after the vineyard is established and during
the vine cycle, they do not allow for an ex-ante estimation of the functioning of the
vine, that would ease the choice of perennial practices. To remedy this situation,
models can be built to estimate the vine precocity and vigor. In most cases, researchers
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try to quantify the impact of soil or climatic factors, or that of one agricultural practice
on the vine functioning and/or the composition of grapes, the other variables being
fixed. Under these conditions, ranking and evaluating the interactions between vari-
ables to build an efficient model may be difficult.

4.1 A Systemic Modelisation

Vine functioning is determined at the same time by environmental factors and
agricultural practices. We must think, therefore, in a systemic way by considering
the interactions of agricultural practices between themselves and with the environ-
ment, as mentioned by Meynard (2008). This should help to better understand and
manage the links between environmental factors, agricultural practices and the
characteristics of grapes and wine. Consequently, it will be possible to provide tools
to support the decisions taken by the winegrowers to optimize agricultural practices
and produce the expected products as part of a sustainable wine production. A systemic
approach in viticulture can benefit from modeling. The model is a conceptual object
composed of assumptions, principles and relationships; next, tools incorporate the
concept of use (Jeuffroy et al. 2008).

Models are constructed from an aggregation of variables (Girardin et al. 1999)
and can be classified according to the method of aggregation. Two main types are
identified: mechanistic models and engineering models Passioura (1996). This
author indicates that mechanistic models aspire to improve our understanding of the
physiology and environmental interactions of crops while engineering models,
based on empirical relations, aspire to provide sound management advice to farmers
and sound predictions to policy makers. However the engineering models can not be
applied outside the range of environmental variables used for their calibration.

The variables included in a model and their level of detail should be determined
according to the intended use of the model. Thus, in the case of a model that will be
used as a support tool for decision-making, the input variables must be easily acces-
sible in real situations, leading to a simplification of the modeling process (Cros
et al. 2003). It should be noted that an increased level of precision does not neces-
sarily improve the model predictions, as it simultaneously increases the uncertainty
(Sinclair and Seligman 1996). These last authors suggest rules of conduct: to define
the objectives that must stay modest, to evaluate the model quality according to
these objectives, to built new models using previous approaches, to determine the
model organization according to the level of the problem (tissue, organ plant or plot)
and to use synthetic relations when they are sufficiently sound to represent a more
complex theory.

De Turckheim et al. (2009) indicated that models conceived to represent and
gather knowledge about the functioning of systems are not necessarily suited to the
objectives of supporting a decision, as they must be coupled to a model representing
the decision process. This coupling can sometimes be complicated because of
the formalisms adopted to represent the complex dynamics of biological processes.
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The new challenge is to construct a model that can be used directly in the development
of a tool in support of decision-making. The design of such a model must ultimately
combine several sub-models, taking into account the biophysical system, the agri-
cultural practices, the economic costs and the processes of decision-making (Loyce
et al. 2002; Le Gal et al. 2009).

4.2 Current Vine Models

Studies that deal with the prediction of quality according to the vine functioning
include calculation of various indices (Smart and Robinson 1991; Gray et al. 1997,
Martinez de Toda et al. 2007). These indices take directly into account observations
of the vine functioning on plots such as the weight of prunes canes, an indicator of
the vine vigor. Other indices allow predicting vine functioning according to perma-
nent environmental factors but do not integrate the impact of cultural practices
(Morlat et al. 2001).

Models, integrating all processes involved in defining fruit quality and reproduc-
ing plants response to climate and cultural practices exist for some perennial or
annual crops but they still must be adapted to grapevine (Dai et al. 2010). These
authors mentioned that, for grapevine, many models focus on shoot development
(Lebon et al. 2004; Pallas et al. 2008), canopy structure (Louarn et al. 2008),
response to pruning (Orlandini et al. 2006), water balance at the vineyard level
(Lebon et al. 2003; Pellegrino et al. 2006; Celette et al. 2010), as well as dry mass
accumulation and allocation at the canopy level (Gutierrez et al. 1985; Vivin et al.
2002; Poni et al. 2006). Some research works aim fat predicting berry ripening
(Fernandez Martinez et al. 2012; Sadras and Petrie 2012). These models take into
account some berry components and climatic parameters: most of the time sugar
concentration in relation with air temperature.

A crop model has been developed for grapevine, the STICS-grapevine model
(Brisson et al. 2001; Garcia de Cortazar 2006). This last author have introduced a
new sub-model, named BRIN, to simulate the bud break stage, the first phenological
stage (Garcia de Cortazar et al. 2005). BRIN takes into account varietal character-
istics and the dormancy period. Some interests of the STICS model are its robust-
ness to compare vineyards at a country scale and evaluate the impact of climate
change. However parameters values are not sufficiently accurate to use the model
to compare plots at the vineyard scale. It does not take into account the impact of
some perennial practices such as the choice of the rootstock, nor the age of the
vines and their carbohydrates reserve. We previously mentioned the important role
of rootstock on vine development. STICS model can predict a yield level but does
not simulate quality, except for the sugar content. Presently, the STICS-grapevine
model can not be used to support decision at the plot scale. Other models have been
built in this objective but for specific problems such as the adaptation to the soil
salinity (Walker et al. 2005) or to optimize fertilization practices (Nendel and
Kersebaum 2004).
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4.3 Our Conceptual Model Based on the Vine Functioning
Pathway

It is difficult to experimentally assess the impact of all factors involved in the
composition of grapes. Therefore, building a working model capable of faithfully
translating and explaining the influence of all environmental factors and agricultural
practices and their interactions is a hard task. We wish to contribute to the modeling
system involving environmental factors, agricultural practices, the growth of the
vine and the type of product obtained, as there is a demand for such a model from
the wine industry. We propose, here, a conceptual representation based on the con-
cept of the vine functioning pathway. We rely on the literature previously cited and
on the knowledge of our research team as suggested by Zhu et al. (2007). This rep-
resentation will be further used to develop a decision support tool to adapt agricul-
tural practices to environmental factors according to the production objectives.

As for crop management, defined as the logical and ordered combination of tech-
niques implemented on a plot to obtain a crop (Sebillotte 1974), we define the vine
functioning pathway as the logical and ordered combination of the effects of phys-
ical environmental factors, agricultural practices and climate on the annual level of
vigor and earliness of the vine and the final characteristics of the product. The start-
ing point of the vine functioning pathway corresponds to the characterization of the
joint effects of environmental factors and agricultural practices implemented ahead
of the growing season (before budbreak, which corresponds to the start of vegeta-
tion) i.e. the practices associated with the installation of the vineyard (e.g., planting
density), those carried out over several growing seasons (e.g., interrow manage-
ment) or implemented before budbreak (e.g. date of pruning). The same starting
point can lead to several vine functioning pathways given the variability of climate
and annual agricultural practices.

Our conceptual model is illustrated in Fig. 2. According to the weather of the
year, the same plot can follow different pathways leading to different types of grapes
(e.g., plot B — Grape Type 1 & Grape Type 2). The same types of grapes can be
obtained through different pathways (e.g., grape type 2), so even if a plot has an
higher water holding capacity (plot C), the introduction of a highly competitive
intercrop can lead to a water supply similar to that of a non-intercropped plot with a
lower maximum useful water reserve (plot B). With identical climatic conditions,
different combinations of environmental factors and agricultural practices may pro-
vide the same potential for vigor or precocity, so, different pathways may still lead
to a single type of grape and wine.

The climate is evolving, and agriculture must adapt (GIEC 2007; Trnka et al.
2011). The proposed model is part of a dynamic approach. Harvest dates are earlier
and earlier, even if the climate change impacts differently across regions and on
types of wines. Sadras and Petrie (2011) have shown that the onset of ripening in
warmer climate is due to an earlier maturity of grapes rather than a faster accumula-
tion of solutes. Jones et al. (2005) pointed out that one way to adapt to climatic
change is to improve the modeling of the system by including the effect of the plant
material choice and the adaptation of farming practices. A limiting environment for
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Fig. 2 Illustration of the model based on the vine functioning pathway concept. Plot A: shallow
soil on hard rock, imparting low vigor with a medium vigor rootstock vigor. Plot B: shallow soil
on hard rock imparting low vigor with a strong vigor rootstock vigor. Plot C: deep soil on river
alluvium imparting a strong vigor with a low vigor rootstock. Plot D: deep soil on river alluvium
imparting a strong vigor with a moderate vigor rootstock. Grapes and Wine Type I: astringent,
unbalanced, alcoholic wine. Grapes and wine Type 2: fruity, medium concentration, balanced
wine. Grapes and Wine Type 3: vegetal, low concentration, high acidity wine (Deloire et al. 2005).
The same plot can produce, according to the weather condition of the year, different types of
grapes (e.g., Plot B&C —Type 1 & Type 2). The same type of grapes can be obtained through
different ecophysiological pathways (e.g., Type 1)

today’s viticulture could become a favorable environment for a satisfactory vineyard
operation in the future. The conceptual model presented here can serve as a support
to the implementation of new practices in the frame of a changing climate and to
reconsider plot localization.

Although our model does not include bio-aggressors, it can participate in the
management of pests and diseases pressure by a better characterization of the effects
of physical environment and agricultural practices on vine development. The vigor
of the vine is generally favorable to certain diseases; thus, a vigorous vine will be
more susceptible to downy mildew (Plasmopara viticola) given a more favorable
microclimate for the development of the fungus and a higher proportion of suscep-
tible young leaves on secondary stems (Calonnec et al. 2009; Valdes et al. 2005).
Upstream management of vigor through modeling the functioning of the vine can
help to move towards practices aligned with the recommendations of agro-ecology
(Dalgaard et al. 2003).
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The vine functioning pathway sets the foundations and the structure of a systemic
model that takes into account all the vine system linking the environmental factors,
the agricultural practices and the quality of wine.

4.4 Selection of Variables and Relations Taken into Account:
An Application Case

The impact of permanent environmental factors on the functioning of the vine can
be evaluated through the characterization of Terroir Unit database and the calcula-
tion of two composite variables (Morlat et al. 2001). One variable is used to charac-
terize the vigor of the vine imparted by the permanent environmental factors. It is
calculated according to the water holding capacity of the soil, the gravel percentage
on the soil profile and the hardness of the parent-rock. Permanent environmental
factors have an impact on the earliness of the phenological stages and especially on
the beginning of the vegetative cycle with the period of budbreak. They influence
the mesoclimate and the pedoclimate of the plots. Another variable is used to char-
acterize earliness at the beginning of the vine cycle. It is calculated according to
several parameters: gravel percentage on the soil profile, soil depth, hardness of the
parent-rock, humidity at field capacity, natural drainage, color of soil surface, maxi-
mum rooting depth, altitude above sea level, landscape opening, and the exposure.

Protected designation of origin (PDO) regulations enforce some practices to
obtain the best vine functioning of the vine according to the sensorial characteristics
of the PDO expected. Other practices are not regulated and winegrowers need to
optimize them according to the environmental factors of their plots and the products
they want to elaborate. We take the example of the “Chinon” PDO, located in the
middle Loire valley (France) (Table 1). Wines are mainly produced with the Cabernet
franc variety. Winegrowers can choose the type of rootstock as well as the type of
clone within the Cabernet franc or Cabernet Sauvignon varieties. As mentioned
previously, the choice of the rootstock has an impact on the vigor and the earliness
of the vine. Different clones of the same grapevine variety lead to different levels of
yield and quality of grapes. Next, the type of soil management is a decision of the
producers. They can sow a cover crop in between the vine rows; that will affect the
vine development by reducing its vigor. The type of winter pruning determines the
canopy structure and the yield potential. It is enforced through the PDO regulations
but producers still can decide the date of pruning and therefore adjust the budbreak
period according to the risk of spring frost. During the vegetative and reproductive
cycle of the vine, winegrowers can adapt some annual practices to limit the develop-
ment of the vine and better protect it against pest and fungus attacks.

Annual practices carried out during the vine vegetative cycle are considered as
corrective practices and are not taken into account in our model. Our objective is to
propose a model to optimize the choice of perennial and semi-perennial practices
according to the environmental factors of the plots and the wines that the winegrowers
want to elaborate. In the Chinon case, two perennial practices should firstly be
looked at: the choice of the rootstock and the clone. Secondly, the impact of the soil
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Table 1 Regulated and non-regulated practices for Chinon PDO wines (decree n°2011-1557).
PDO: protected designation of origin

Regulated practices

Non-regulated practices

Perennial
practices

Semi-perennial

Grapevine variety: Cabernet franc
(>90%); Cabernet Sauvignon
(<10%)

Density of plantation >4,500 vine/ha

Row spacing <2.1 m

Plant spacing on the row >1 m

Pruning: single Guyot system

Type of rootstock
Type of clone for each
grapevine variety

Soil management: cover crop

practices Yield level <9,500 kg/ha choice, organic and/or
mineral fertilization
Annual practices Pruning: 7-10 buds on the cane Day of pruning
preserved and one spur for the Topping frequency
generation of the replacement cane Disbudding
Ratio between foliage height and row Leaf removal
spacing: >0.6 that conditioning the Remove green bunches of
minimal topping height grapes

Irrigation prohibited
Minimal sugar content of grapes (g/l)
Vintage permit

Pesticide protection

management on the functioning of the vine needs to be determined. Thirdly, the date
of winter pruning needs to be considered.

Typology of climatic years of the past can be used to select contrasting weather
databases. In the middle Loire valley, four types have been identified (Coulon et al.
2011). Weather data such as the air temperature can be modeled to calculate the dates
of the phenological stages. Rainfall and water supply to the vine can be computed for
contrasted climatic years in order to model the highest variability of climatic factors.

The output of the model needs to be determined. Based on expert evaluations,
Courtin et al. (2006) distinguish wines of Chinon according to their structure. This
classification is coherent with the two styles of Chinon wines, characterized as light
or full-bodied (Vins de Loire). In this application case, the typology proposed by
Courtin et al. (2006) can be used. The wine styles used as output can be defined by
several experts of the area studied.

The conceptual framework is presented Fig. 3. It links the variables influencing
wine style on the Chinon area. It sets a basis for a model development, providing a
structure for the future mathematical implementation.

4.5 Methodology of Model Implementation
in a Systemic Approach

A computer implementation of the conceptual model must be conducted.
Knowledge-based and artificial intelligence techniques can be used to model
environmental systems (Chen et al. 2008). Models build, more particularly those
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Fig. 4 Partitioning of the fow high
input variables of the model 1 .

using fuzzy logic. In this
example the water holding
capacity is totally low for
values lower than 100 mm
and totally high for values
higher than 150 mm

Membership
degree to the
fuzzy sets

100 150
Water holding capacity (mm)

based on fuzzy inference systems, should be able to represent complex and imprecise
systems that are not very well described by complex mathematical models.

In practice, the wine consultant or researcher characterizes the management of the
vine in relation to average parameters; e.g., low or high water holding capacity, early
or late development using qualitative terms. The output of our conceptual model is a
type of product (grape/vine). The modeling approach is thus qualitative. Modeling in
the form of an expert system based on decision rules such as “if... then...” associated
with fuzzy logic seems the most appropriate procedure (Jackson 1998). This method
allows to represent specific information (e.g., a maximal water holding capacity
expressed in millimeters) in a lexical form (e.g., ‘low’ or ‘high water holding capac-
ity’) that can be integrated into an expert system (Zadeh 1965). Furthermore, fuzzy
logic is able to deal with uncertain data. Studies using this methodology have been
conducted in viticulture (Grelier et al. 2007; Paoli et al. 2005; Coulon et al. 2010;
Thiollet-Scholtus 2004) and show the usefulness of this approach.

Firstly, decision rules aggregated variables, for example “If Water holding capac-
ity is high and the percent of gravels on the soil profile is low and the parent-rock
hardness is crumbly then the vine vigor imparted by the permanent environmental
factors is high”, and rules conclusion values must be defined, for example the value
3 on a [1;3] scale for the previous decision rule given as an example (Coulon et al.
2010). Kaufman et al. (2009) mention that some experts considered the need for
compensation if one parameter would indicate good conditions for plant growth and
another one bad conditions; other experts suppose that plant growth is limited by the
parameter with the worst value and allow no compensation. An accurate and inter-
pretable system can be built by integrating expert knowledge and knowledge induced
from data (Guillaume and Magdalena 2006).

Secondly, each quantitative variable must be partitioned in fuzzy sets (Fig. 4).
Even if fuzzy sets allow a progressive transition between linguistic labels of a vari-
able such as between ‘low’ and ‘high’, crisp parameters need to be determined.
Model parameters can be adapted to local environment but could also make sense to
compare areas or regions using the same set of parameters.
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Modeling the vine system with a qualitative approach is an original method
complementary to the functional approaches developed in complex crop models.
The conceptual model proposed here is less accurate than a functional mathematical
model but it takes into account all the vine system.

5 Conclusion

In one hand, the review of the current knowledge about the relationships between envi-
ronmental factors, agricultural practices, the growth of the vine and the characteristics of
grapes and wine and in another hand, the review of current model formalizing these rela-
tions allow us to propose a conceptual model to better manage the choice of agricul-
tural practices according to the environmental factors and the type of wine expected.

Our model is based on the concept of “the vine functioning pathway”, which we
define as the logical and ordered combination of the effects of environmental factors
and agricultural practices on the level of vigor and earliness of the vine and the final
characteristics of the product. We proposed to implement the conceptual model
using fuzzy inference systems. This method allows representing complex and
imprecise systems; that are not very well described by complex mathematical mod-
els. The implemented model will be less accurate than a functional mathematical
model but it will take into account all the vine system.

Once implemented, the model based on the concept of the ‘vine functioning
pathway’ can serve as a support tool for decision making in order to optimize the
choice of practices in relation to environmental factors. In the short term, the tool
can help to adapt annual practices. In the medium-term, it can contribute to sustain-
able practices. In the long term, it can assess the impacts of climate change on the
behavior of the vine and the evolution of terroirs.

Modeling the functioning of the vine in the vineyard at the scale of the plot is in
line with a process of sustainable production. It allows optimizing the choice of
agricultural practices and reduces those with a corrective function, reducing at the
same time production costs while promoting the production of quality products and
maximizing the potential value of soils.
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